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ABSaiBACT 


Studies Hav6 Uedn conducted to dxsmine the effect ot tho gaseous .corrodents . 

NaCl, HCl and. I}aOH . on the high temperature oxidation and. IlagSOi^-induced corrosion^ 

MhlviM of th» alumina former KiAl, the ohromia former Hl-25 f 
Cr, and lastly the superalloyB-1900. Exjerlments were oonduotea at 900. Md 1050 c 
in air in the presence and absence of*' the gaseous corrodents.. Effects involving 
both reaction rates and micrOstruCtural changes in oxide morphology. were observed 
due to the presence of these corrodents at levels anticipated to be present in operatin„ 
industrial and marine gas turbines. The effect of gaseous NaCl, HCl and Po^sibly 
NaOH on NiAl in simple oxidation was to remove aluminum from below, the protective 
alvuaina layer and to simultaneously weaken the adherence of the protective alumina 
oxide scale to the substrate. The aluminum removed from below the oxide scale 
was redeposited on its. surface as <x-kl^0^ whiskers. With respect to the^chromia 
formers, gaseous NaCl and HCl promoted breakaway oxidation kinetics and hetero- 
gefl^ous d6v$lopin6rit . 

With respect to-sulfidation-corrOsion.NaCl vapors were found to mitigate 
the corrosive, effect of.NagHO^ on MiAl at 1050«C,. Conversely the. NaCl(g) 
attack of. chromium .in oxidation was found to be retarded by NagSO^Cc) deposits. 

It was also determined .that the NaCl inherently present -within deposited JlagSO^ 
at impurity levels, i.e., low ppm values, was sufficient to interact with alumina 
Scales. Moreover, at these levels NaCl was found not to be preferentially lost 
from .codd^ns€d NagS Oj^ » ♦ 

In nimpie oxidation the effect of NaCl(g) on Bw -1900 was found to be similar 
bo that observed for NiAl, i.e.., a-Al 203 crystals were deposited on the surface 
of the protective oxide. Frequently regions extensively depleted of g^ . 
prime (Ni.jAl) precipitates were observed in the substrate. Additionally, su 
strate microstructures artalogoua to those -found in the lla 2 S 0 ^- induced hot 
corrosion of this alloy - except for the obvious absence of sulfide precipiuates - 

were produced. 


Study ot th6 Effeote ot OaseoUs EftviyoflQ^nts 
ofl Sulfidatioti Attack of Supferalloys 


1. iHTftODUCTlOIl 


Th6 families of alloys developed for use in. the gas turbine, engine are 
among the strongest and. most oxidation resistant structural materials designed . 
for use at .elevated temperatures, ^he desii'e for more efficient engines re- 
quired higher and higher. gas turbine temperatures vhich in. turn spurred the 
development of the family of alloys; currently known as the nickel- and cobait- 
base superalioys. These.alloys are, with respect to their melting poino, among 
the strongest alloys known.. 

•The alloys developed for use in gas turbines, upon, expostire to air. at ele- 
vated temperatures; fona oxide .scales enriched in chromium and/or aluminum. 
However, simple- oxidation is not the only corrosion problem encountered _ 

in gas -turbine engines. Salt crystals present in the intake air. and 
impurities present in the fuels. can combine within, the gas turbine combustor 
to form minute quantities of .corrosive salts which can deposit onto turbine 
components.. These fused alkali salts increase the rate of. metal wastage orders 
of magnitude. Although protective coatings have been developed to. extend .the . 
life -of turbine components, in the presence of.'these alkali, salts, the coatings 
all too soon are defeated and the substrates corroded. 

The attack, of gas turbine components by fused salts is . commonly referred 
to as hot corrosion. Hie attack associated with the presence of fused sulfates 
is commonly referred to as sulfidation attack. The .term "sulfidation attack" 
is based .upon the observation that .sulfur-rich precipitates are metailo- 
graphically Observed in the microStructureS of corroded components. 

The sulfidation phenomenon has been intensively studied i'or more, .than .a 
decade* and it is realized that a solution to. the.aulfidaticm problem .requires 
a basic understanding of the corrosion mechanism(s) So that, appropriate correc-* 
tive action can be taken. It is important to also realize that, based upon 
current knowledge, the sulfidation problem currently encountered will be a major 
problem for machines Using coal-derived synthetic fuel Oils, and gases .because 
corrodents are formed from naturally occurring impurities in, the coal. Further- 
more, these impurities are nat readily removed by current processing techniques. 
Corrosive compounds that. are. likely .to be found in the hot section of turbines 
operating in marine and industrial environments include Ha 2 S 04 , HaCl as well as 
UaQH-and Jini^ , 



Condensed iJaGl, either* alone on in mixtunes containing Ha 2 S 0 i,, 
has. been known for. fliany years to be higrhly corrosive with -respeot to struc- 
tural alloys. Similarly, high activities of liaOH and HCl are very aggressive • 
species for metallic materials. However the effect of HaCl, HCl, NaOH vapors and . 
similar vapor Species identified within the gaseous turbine environment is not 
known. Accordingly, little effort has. been expended until relatively recently’ 
to determine if any interaction exists between low activity gaseous corrodents 
and metallic substrates and to adequately characterize such interactions. 


I’he critical step in the corrosion. phenomenon, .sulfidation attack, is -the. 
destruction of the normally protective oxide layer which separates the fused salt 
from the .substrate. In J.aboratory tests, it has been shown that one means .by which 
the .normally protective layer is rendered ineffectual is by dissolution of the., 
oxide as .a result of interaction between the scale and oxide ions present .in the 
melt. Other means by -which the normally; protective scale can be compromised are 
(a) local, reducing.. conditions , (b) mechanical erosion, (c) mechanical faults 
accompanying. oxide growth, (d) thermal stresses, (e) super impo.sed. operating 
Stresses and (f) mechanical disruption resulting from chemical. reactions. 

An xuiderstanding of .the mechanisms .by which the normally protective- scales, 
are rendered. ineffectual is a prerequisite. for the attenuation .of and/or pre- 
vention of sulfidation corrosion. Dhe .mechanism which relates to scale .break- 
down . as a .result of chemical .reactions with various .chemical species, .e.g. , NaCl, 
HCl, IJaOH, present in the gas phase has received little. attention and is little 
understood even though .it ..is potentially as important as .any other mechanism. . 
Hence, the thrust of this work is directed toward. understanding the mechanism(s) 
by which the protection normally afforded by alumina and. chromia scales ia com- 
promised .as a result of chemical reactions involving- reactants present in the 
gas phase . 

I’his work was supported by the. NASA-Lewis Hesearch -Center, under Contract 
No. HAS3-20039; Mr. Carl Stearns,NASA Pro.lect Manager. ' 
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ii. Background . 


A. oxidatioii . 

•Dhe st^eiigth of tho hickfel-base. gupOrallOyS is due primai‘ily to.the presence- 
Of the gaflma prime (y') phase whose nominal composition isHisAl. .But in 
reelity. NijAl is alloyed prinoipally with titanium and. also contains’ various 
percentages of cobalt , chroml'um .and the refractory metals present in the super- 
alloy. On the other hand, cobalt-based alloys are primarily strengthened by 
solid solution elements and precipitated secondary phases, usually carbides. 

Major solid solution strengtheners in. the .cobalt system are. chromium, and tungsten, 
frequently, the description of OJcide phases forming on such Supe.ralloy substrates 
at elevated temperatures is overly simplified,. Thusly, the nickel-, and cobalt-, 
based Superalloys are labeled "alumina-"- and "chromia-formers", respectively. 
However in actuality a panorama of different oxide phases can form on both. the . 
nickel- and cobalt-based alloys. The exact oxide- Scales formed will depend on 
a number, of’ factors, e.g,, alloy composition, the composition of the Oxiditing 
atmosphere, the time at temperature in. this atmosphere, etc. (Ref, 1), 

There -are many factors which -can affect the adhesion of oxides to alloy sub- 
strates of which mechanical faults accompanying oxide growth, mechanical erosion . 
and superimposed., operating stresses are just a few. , It. has been shown that, in 

the presence of .trace quantities. of rare-earth additions, the adherence of 

alumina scales is markedly improved. The presence of inert, oxides such as, 
thoria markedly .improves the oxidation. behavior of certain nickel and nickel- 
chromium alloys , 


B. Hot corrosion 

1. History 

Sulfidation is defined as the accelerated rate, of. oxidation of materials 
which occurs when an alkali. salt is present in the condensed state. The.compp- 
sition of salt . is a Variable but. the major constituent is. usually an alkali 
Sulfate. The attack is characterized by the presence of a loose, nonprotective 
oxide scale separated from a substrate matrix by an aiipy afjfetted tone con- . 
taining suifur-rlch precipitates. 



Seybolt and Beltnan. (fief. 5 ) studied the oxidation of nickel and cobalt in 
IJa^SO^ and ftodified- the theory of Simons et al., such that the. reducing agent and 
the alloy substrate, are -one and the sane. It was .later groj>o£ed bySeybolt 
(fief . 6) that the accelerated rates of oxidation, of commercial superalloys were 
due to a loss of oxidation inhibition by chrottium^-depietion through forwatioh 
of chrciaixttn-rich sulfide precipitates. 

The effect of sulfur on the oxidation of a number of binary and complex . 
nickels- and cobalt-base alloys has been studied by many investigators (fiefs. _ 
7 , 8, 9 , and 10 ). In general,, the. oxidation resistance of simple or complex. 

MxSy phases, is markedly inferior ta that of the. parent . substrate althoug.h,as 
shown by .Seybolt,the rate of oxidation of "CrS."'is comparable to that of chromium. 
The formation of a liquid sulfide layer. Would adversely af feet . the. oxidation prop- 
erties of. an alloy as would .the generation of SO2 at a scale-Substrate. interface. 
The observation that, once siolfur has. entered .into. an. alloy, i.ts. removal .is dif- 
ficult has .been made by. Bergman (Ref. 11 ) as well as bySpengler and Yiswanathan 
(fief. 12 ). But in order for sulfur to enter, the alloy at any -appreciable rate 
the .normally protective oxide scale which separates the fused salt from the sub- 
strate must be rendered ineffectual, 

DSCrescente. and 3 ornstein (Ref. 13 ) presented the.^modynamic arguments, and. _ 
experimentally demonstrated, that in usrdef for sulfidation attack to occuf, a 
fused salt .must be present in the condensed state. Thusly, . condensed Na2S04. 
caused accelerated oxidation of a .nickel-base, superalloy while gaseous mix- 
tunes of Ua2SQ4 and air are relatively harmless. 

In a series of publications, Bornstein et al. proposed (fiefs. 1 ^, . 15 , 16 
and 17), that the accelerated rate of . oXidatioa associated .with sulfidation 
attack is not related to the ..preferential oxidation of -either sulfur-rich phases 
or the alloy affected zone but rather is due to the inability of the alloy to 
form a protective oxide scale due to the presence of oxide ions in the. lia2S0i, 
melt, Goebel and-fiettit- (Ref,. 18) confirmed -that the products of the reaction 
between the normally pr otect ive oxide scale and oxide ipns is nonprotective. 

Brown, Bornstein and DeCrescente (Kef. 19 ) devised and constructed a re- 
versible galvanic cell with, which, they were- able to demonstrate the. effect of 
various oxides on the oxide ion content, of sodium sulfate. They used Na^SOi, as - 
the electrolyte and demonstrated tiiat the cell. was reversible to oxide ions and. 
oxygen. They then demonstrated that oxides sUoh as CrjOj react with and reduce 
the oxide ion cohten-t of sodium sulfate. 


The relative ability of various oxides to reduce the oxide ion content of 
Ha2S04 can also be calculated if the available thermodynajiiic data are available. 
This teehni’que uses the calculated equilibrium SO3 partial pressure over a mix- 
ture of the salt and oxide in question as a measure of the abi 1 i ty. of Jhe, oxide 

to reduce the oXide ion content of Na2S044 
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2. Deposition Meoh^isms 

During the combustion of a .fuel oil, the oil-droplets decompose- in stages 
The ligliter hydrocarbons distill and burn leaving heavier hydrocarbons vhioh 
OracK to form viscous tar-like. material and subsequently carbon, which upon 
complete- combustion oxidizes, to carbon diokide (Eef", 20), Fuel-soluble metall 
impurities present in the- fuel are not very .volatile ecid tend to -concentrate , it 
the vinburnt portion of the fuel,- Tluts, .the concentraticii-of the unwanted cor- 
rosive forming imp.urities. in .the -transient combustion product,, the.. fuel char,., 
can be several orders, of magnitude greater than the initial concentration of., 
the impunity in the star.tir.g -fuel.. The carbonaceous tars vrhich can accumulate 
Within areas in the combustors can further. -carbonize to hard, particles which, 
strike the leading. edge and concave surfaces of the first stage nozzle guide 
vanes. .If the temperatui-e is such that .the particles are,.highly viscous fluid 

or .plastic solids, they could adhere to turbine components forming corrosive 

deposits . 

Alkali metal' compounds can also enter into. a gas turbine engine as par- 
ti Cu.late matter with. the intake air,. Under these conditions, such turbines 
vili continuallj-" ingest IlaCL as a contaminant of both the atmosphere and the 
fuel (Refs. .21, 22). Several ppm of I.'aCl may be ingested into naval tu^-bines 
operating in foul weather (Kefs. 21,_22). 

Be s sen and Fryxell have shown turbines to be effective separators-of the 
chloride and. sulfate components of sea salt (.Ref. 23). They reported constaiit 
levels of 1ia.j.SO^> 0.1 ftg/cm“, present on all stages of the compressor of "an L’-‘- 
2502 engine which had been operated for over 7000 hours. RaCl, on the other, 
hand, was found to Vary from 0.1 rnig/cm^ at the first stage of compressar to 
0.02, mg/cfe^ at the seventh stage. After this s.tage and through the sixteenth 
stage-, no meaningful chloride levels were detected,,, i.e. , less then 0,01 mgyem 
Furthermore. their surveys of the high pressure turbine components' from several 
engines failed to reveal the presence, of any condensed chlorides. Then, as sh 
by Besseu and Fryxell. .(Re?. 23), the sodium chloride component of sea salt is 
not preferentially removed from ingested sea salt crystals and selectively de- 
posited as a condensed phase on. turbine hardware surfaces ahead of combustor 
sections, . Tlierefore, hot section atmospheres in gas turbines will continually 
c6ntain_Iow partial pressures of chloride-bearing species. 

Another mode of atmosplieric IlaCl ingestion, into hot turbine sections in- 
volves the random breaking off of condensed salts from compressor sections 
(Ref.. 21 ), Again, dei;ending upon compressor, location,, the particle will havn_ 
a composition ranging from dried sea salt to virtually RaCl-void sea salt. 
Furthermore, depending, on the size and the chemical composition 01“ such par- 
ticles, ...they may not totally vaporize- in the combustion chamber and sc can 




iapact.on the high pr6Ssur6.hladdg aiid vaiies (fief. 22). When. particles criginate 
frbitt the latter- Stages of the compressor*, they will have the same composition as 
the salt deposits fotind on high pressure .turbine hardware. On the other hand, 
particulate matter from the first stages of the. compressor, involves uaCl- 
containing material but the. description of the role of the ItaCl in Such particles 
15 .difficult. The high vapor.pressure of NaCl, ,e.g. , 0.35 torr at 8oo9c, would . 
be expected to lead to its rapid removal . frcan condensed .particles (.fief, .24), 
thus aceoiuiting for the virtual absence of chlorides in deposits found on hard- 
ware surfaces, i.e, , O.Ol mg/cm^ (Ref. 23.)„4., 

once HaCl. has entered, the combustion chamber of a gas turbine via either, 
the gas phase or condensed onto particulate matter..Shed by. the compressor, the . 
role of liaCl has been controversial. Specifically, questions have. arisen in 
the past as to whether., sufficient time (5-10 milliseo) exists in gas turbine 
Combustion chambers for the conversion of HaCl_to Na2.SOi4; 

HaCl(e,g) ± n^Oig) NaOK(c,g) f HCl(g)* (ll) 

2NaOH(c,g). S 02 (g) + l/2 02 (g) ■Na2S04(c,g.) H20(g) (JLS) 

However, although the detailed mechanism for the . conversion of.NaCl(g) to. 
Na2S04(c,g) has not .been worked out, Steaifls et. al. have d&nonsttated that 
Na2S04(g) can be formed in. .NaCl-sulfur-doped methane-oxygen flames'in. .residence .... 
times of- less than .1 .millisecond (fief . 25). Large .amounts of unreacted JlaCl(g) 
were also observed in the oxygen-rich flames (fief. 25).. Expanding on this, work, 
results Of_burner rig studias recently reported by Kohl et al. (fief. 26) have, 
shown that significant amounts of NaCl.can be converted by Na2904 in less than .2.2 
milliseconds. Earlier, .Hanby had conducted a series, of experiments to deter- 
mine if the kinetics of the Na2S04 reaction is .sufficiently rapid under gas 
burner conditions to contributa to the hot corrosion .process, in high pressure 
turbine sections '(fief. 2t). He cone luded. that (l) the 8 milli. ec required, to . 
form lia2S04.was too slow .to be a significant contribution to the hot corrosion 
process and (2) at 1500*K the equilibrium composition. of sodium salts in com- 
bustion products contains 8.5 percent .Na2S0 4 and, since sea Salt already con- 
tains 10 percent Na2SG4, the gases at elevated temperatures are already saturated 
with Ha2S0L4_. However, Stearns et al. (fief. 25) have concluded that lia2S04(g) is 
not. expected to form. under the conditions- employed. by. Hanby. Moreover, the ex- 
tent to which Ha2S04 IS produced, in a gas turbine by these reactions, cf, . 

Eqsi. (11) and. (12), cauld be influenced by hardware geometry, i.e. combustor 
design, (fief. .28). 


*In. this report- the bracketed c implies the. phase is present in the condensed 
state* either solid or liquid. The bracketed g-. similarly refers .to the gaseous 
state. 




Aceoedingly, ddpertding .oil the extent tc which ihgegted NaCl la involved in 
the convene ion of Sulfur- to Ila^SOi^,. when, the {lartial pressure ofNa 2 $ 04 .in tur» 
bine hot sections is sufficiently largo, NajSOu will condense onto turbine . 
hardware surfaces. IieGrescente et al. (^ef., 13) have published a dew .point. curve . 
of Na^S 04 as a function Of Had concentration and vapor pressure data then . 
available (Refs. 29., 30).. Similar sets of curves have been published by Bessen 
and Fryxell (Ref. 23), fschinkel (Ref. Jl) ana Kohl et al. (Ref. 32). 

However, irrespective of whether ingested NaCl is totally or partially con- 
verted to Ha 2 S 04 in gas turbines, in the absence. of an unidentified chloride 
sink (Reif. .23),. gas turbine hot sections will be. exposed to atmospheres con- 
taining low partial pressures of chloride-bearing species, e.g. NaCl, HCl, etc. . 
Moreover, as pointed Out by Stearns et al. (Ref. 2$) and by Kohl et al. (Ref. 

32), gaseous Had is.expected to be a major sodium-bearing vapOr species in 

turbine hot sections based on thermodynamic calculations. 


3. Mechanisms of Seale Breakdown 


It is apparent that in order for Sulfidation or accelerated. at tack to .occur » 
the integrity of .’.the normally protective oxide. scale which separates the corro- 
sive salt from the metallic svibstrate must .be compromised. This can be accom- 
plished by a number of methods, some of which are: (a) chemical dissolution, 

(b) local reducing conditions , (c) mechanical erosion, (d)- mechanical faults 
within the scale -as well as the effect bf thermal stresses and superimposed 
operating stresses and (e) mechanical disruption resul^ng from chemical jceaCtions. 

The role, of stress in predicting oxidation behavior Was first studied by 
Billing and Bedworth (Ref. 33) who proposed that .oxidation resistance -should be 
related to the volume ratio of oxide .and metal; i.e.,_ 

R = Wd/Dw (13) 

< •*. 

where w » formule .weight of. oxide 
w « atomic weight of metal 
D « specific. density of oxide 
d = specific density Of metal 

R « the ratio of the volume of oxide formed from a unit volume of metal. 

Ideally for a stress-free oxide the value of R should be unity. Values of 
R much greater than unity tend to introduce largi compressive stresses and for 
values less than unity the stresses are tensile. The Pillirig-Bedworth ratio is 
at best a poor method for predicting oxidation behavior since it does hot take 
into account the differences in coefficient of thermal. expansion, melting point, 
adherence, plasticity- and diffusion .rates. However, the work of 'Pilling and. 
Bedworth clearly demonstrated the importance of stress in oxidation, 






The effect of stt*e8s as it .relates to. oxidatiott arid corrosion has. been 
studied bx. Mahcock and his .associates, e.g. , ftef. -3^. It .has been showfl that 
the rate of isothezinal oxidation is dependent upon tbe mechanical properties 
of. a growing scale; and most recently it weis. shown by ward, HOckenhull and . 
Hancock (Hef. 3^) that, under fatigue- conditions,.. stress-aCcelerated oxidation 
occurs when .the peak cyclic tensile -strain exceeds. the fractura strain of the 
surface oxide. .Current studies at Cranfield.are directed .at studying the. re- 
lationships .between accelerated oxidation and stresses either imposed by dif- 
ferences .in coefficients of thermal expansion or superimposed aS a result of ' 
component operation, as well as stresses due to mechanical .faults present in. the 
growing scale. In these .studies a..v'ibrational technique is used which measi^es 

the natural flexural, resonance, frequency of a freely sxispended .rod during high 

temperature e:^OSure. It has .'been shown that this: technique as. well as the., 
standard thermogravimetric technique can be used. to verify changes that occur 
during oxidation as a result of cracking or spallation of the oxide scale. 

The general environment within the gas turbine engine. is. highly oxidizing; 
however it is possible, vinder Certain engine conditions, to ..produce \anburnt. 
hydroc£u*bons and deposit elemental.. carbon onto turbine components. The total 
inlet air-to-fuel. ratio of advanced gas turbines ..is. on the order Of about 50-. 

60 to 1 by weight. However . a large fraction, of this compressor air is used 
for cooling. The atmosphere within combustor-first stage turbine sections can 
be described hy air-to-fuel ratios of about 20-30 to 1 by weight,. It is known 
that the current . fuels burn efficiently at a ratio of about l6 .to 1. During 
Start-Up or- shut-down it is possible, as a result of local perturbations , to 
produce fuel-rich mixtures. which result in.. the formation of unburnt. hydrocarbons 
and elemental carbon in combustion and first stage turbine sections. 

BOrnstein. (J^ef. 35),. in a recent study, of the deposits that form on indus- 
trial gas turbines, found that more than 6000 mg of insoluble matter can adhere 
to a first stage vane. .The vanes in question were removed from an industrial 
gas. turbine engine after •approximately 500 hrs Of service. Of the total 
quantity of insoluble matter, approximately 0.0 U 5 percent or 2.7 mg was ana-, 
lyzed as carbonaceous material, • 

iilemental Carbon, a strong reducing agent, can possibly directly affect 
protective acale breakdown, McKee and ^OmeO (fief, 36 ) have shown that the .dwell 
time. for. the existence of carbon on a metal substrate under oxidizing conditions 
is directly related to the type of carbon that forms. The fine sooty carbon 
that appears as lamp black or carbon black is more readily oxidized than the 
crystalline graphitic types* 
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Carbon, is frequently present within alleys -in the form of carbides . for. 
strengthening purposes. Ihis is perticularly true in the ease of cobalt-based' 
alloys, fhe role of carbides with respect to Na^SOit attack has been studied. 
bj», both J^Omeo . and McKee (Ref, 37) and El-DahShan et al, (Ref, 38). and the 
latter concluded that carbides within the structures do not markedly influence 
the hot corrosion properties of the alloy when considering only Ila 2 S 04 attack. 
However, when .condensed chlorides are present, the carbide network is severely 
attacked. 


The normally protective scale that, separates the metallic-subStrate from 
the hostile. gas. turbine environment can. also be compromised as a result, of. 
chemicsLl dissolution, resulting from condensed salt effects. This mechanism is 
also referred to. as the Oxide ion theory Of sulfidation. The salt Can be de- 
posited via an equilibrium process, (i.e., condensation) or a nonequilibrium 
process (i'.e. , impaction). - m either case a prerequisite, is the presence of a 
condensed salt. Initially the salt is separated from the substrate by the. 
normally protective Oxide scale. If reactions are to Occur between the sub- - 
strate and .the salt, the normally protective oxide scale mvist be rendered 
ineffectual, . . 

According to the oxide ion theory of corrosion, the fused salt can be 
thought of as an ionized melt consisting of .sodium ions and sulfate ions. The 
Concentration of .oxide ibns is .established by the equilibria; 

S0*(«) ? 503(g) + O^lc) (1)4 ). 

SO“(c) ^ SOs(g) +JL/2 02 (g) + 0*(c). . (15). 

The. loSs of the oxides of sulfur corresponds to an increase in the oxide ion 
content of the- melt. In a similar manner the diffusion of sulfur through t he 
scale results in an increase in oxide ion concentration. 


Oxide ions present in the melt react with the. normally protective oxide 
Scale. A product of the reaction, for al u m ina-rich Scale is aluminate, i.e., 

Al 2 03 (c) + 0“(c). SAIOJ (c), (160 — 

which -has been ej^erimentally ident-ified as HaAlC^ by x-ray diffraction tech- 
niques (Ref, 15 ), — 

once the. scale has been .compromised, the fused salt ceuti contact the sub* 
strate. . Ihe substrate -is a reducing agent with respect to the salt. At th# 
salt-substrate. interface, theoxygep potential will decrease rapidly due to the 
formation- of oxide nuclei and concurrently the sullSif potential will increase. 


11 




iU- 


1 


■'.H 


I 

i 







' r~ 

..-».+ '‘ ■•sn 

- 


th6n ris6s rapidly* i»e.*. 


So'jc) I 02(g_) + 1/2. S2(s) + 0‘(6>. 


(It) 


tha gu'bstrata'-aalt interfata. 


sulfur had. entered into the Suh- 

t>urine the corrasiori process in_ oecun. A study of the micro-, 

strate, microatruatm-al ahangaa in oxldrtlon ol a 

Structural, ^^anges that otcur ^ ^ ^ The results of this work 

ninxal-naaa aupa-. alley »aa naan shortly aftar tna 

indicate, that. whereas the most ^dp ^ _ Miorostructural changed associated 

sulfur into the alloy# 


in the past, eapirical ^^^ach il related to an ’‘equivalent" 

pensity of. an alloy to . alloying elements was rated as. nega-. 

chromiuEi content. The Lutral (Ref.. 39). Based upon the 

tive various elements id dependent upon ^ the. nature 

oxide ion theory* the effect surface of the alloy, 

and cOftpodition of the oxide dc^e that forms on 


The relative avtiUtie theMod^tmic data are avail- 

Md^SO^ dan also he calculated ^ eauilihriuin .SO 3 partial, pressure over. 

f:Lra%)Ta1ml^d ,u.sU 0 n as.a naasura Of th. .*imy 

dxide to reduce .the oxide ion content of Na 2 S 04 ..,_, 


^ 4>vi£i T*^f'T*act6ry nictftis iti sulfids»*^i®h 
According to this L '..at with and dadraaae thtoald. 

attack involves tha ability, of thair “‘f = the affect df 

ion content af sodl«.sulf.ta. ^rrov at ‘fJ-;;°ii.c,.Al .llayd. ttay 

aolybdan»..on the sulfidation beha ^ aantent of the alloy indreased, the pro- 
fo«d that in g.«arU.as have haah reported for 

pensity tovard “‘■^“”“S;u.rV Sws.d6.tad vith ».jS0i, (Sef.-.l6)... 

transition adtal-refraetory ne of esidetion of a sodium sulfate-coatad 

Oamblho (Rdf. >1) nfdd that the smn. alloy fra. of salt . 

Ill-Cr-Mo alloy oxidised at mi aoaalerated rate nu 

under* went catastrOpic oxidation. 
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■ , * •> rur.t' h'--') qtudving tUe effect .of N&-SO^ on various Ni-Cr-Al 

ooetiel-ot al.. (Kei. sxuayi b Aliova. free of. mOiyb'- - 

alloys .vith those vhich ooiitainea molybdenum . 

denUin uiiderwent "eoeelerated ^ ^ results, of their stu.ii'. they 

underwent "cataStrOphie oxidation . . v »« molvbdenunt eah lower the oXide - 

proposed tlmt -tho “f that the oxide scale 

content of the NagSOu melt to a auUi«.ieni.xy *0 

diSsblVesi by acidic . 

Al 2 ; 03 (c) ♦2Al'*'^(e) + 30 (o)« . 

This theoi^* rbvides aft alternate 

oxide, scale r^oval. • ij^^erpret^d via this model to .depend upon 

part .Sulfidation resistance coft -^itiae iOn at the fused melt-!*all6y 

the relative concentration (he vi^yi o ^ xi<iuid refractory 

interface (Hef. lo). 1ft -Simrle oxidation ,i,,olve _ 

metal -oxide Which foiTtiS-on the surtace volatilised, 

appreciable (luantities of J reduced. Initial oxide scale dls- 

re^ractory^^metar oxide occurs by direct reaction 

witli the oXide scale. 

. . t ■ . < . 4 »int tTO'-.ooU‘- corrodents such. as NaCl, ii- thcj 

for in tVicSe rtodCilsj,., 

j -.>••• na<5 -<'hoWfl that cOndeiiScd liaCl .or NaCl*^ . 

intensive work by i»i-'.o). Most importaiitl>*, ttoucock. 

to,a\ .fiitturos «.>o very Cj.fr«.lvc - s.cL oavsrrely ei'fcolf l'.-o- 

-:!v: :r ir-ir - 

effect rtmiifests itself mi crest ruc.tul&li^ . 

i i x-v.-, involviftR SUpei‘alloyc have ftci-maliy sh£>wn 

Purthermoi^. oxidation oiudU. in . and Stearns. (Uef. Cl) have 

complex scale lontiatlon* e.g. Hel .. * _ ‘ . ^xioVs some of -Which approximate 

examined the oxide .scales toUlu and theV report that 

r,HH.|flo,aiy. the* Intri'aViiom. l-o.t«c<-u the, Knsrou*. oi*.**!*- »»*!. 
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al6n& and ift the presence df the csndensea phases lJajS 04 , carhon and Cr 203 wSre 
studied, •me prserara was divided into three tasks,, the. goals of each of the- 
tasks ai*6 ah understanding of (l) the effect of gaseous NaCli HaOH and HCi on. 
the alumina and 'chrOtoia. Scales, foriaed on Nl-£5-Vt i Cr and NiAl Substrates, (2.) 
the effect. of gaseous NaCl, NaOK.and.HCl on the sulfidation behaViOr of Na^jSO^- 
coated Substrates, and (3) the combined effect of gaseous NaCl,.NaOH and HCl on 
the sulfidation behavior of .Na^FO^ -coated substrates in the presence of a strong 
reducing agent, carbon, and a known -Suif.i.dat.iOn inhibitor, cr^Oj. 

Questions arose in the course of this study as to .whether certain effects 
involving the Ni-25 wt Cr alloy resulted. frOro alloy effects (i.e,, the nickel , 
component . of the .alloy) or were intrinsically the result Of the. behavior of 
chi‘omia itself. .A limited number of experiments with elemental -chromium clari- 
fied those uncertainties.. Additionally, in order to determine if the effects 
Of NaGl(g) on the oxidation behavior of the chemically simple alumina former. 
HlAl could also occur in the case, of more complex superalloys, a few experi- 
ments_win:e conducted with the complex superalioy K-1900. 
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III. experimental approach 


A. Materials 


Iflfeots 


alloy. .tudi.a-w.« Mi-J5 (Vt S) Cr aad.th. in«m.talllc^^mAl. 

of these tvo alloys were *'^**’^*^ *^ ® tJ5* melt*into°M .alvssina mold- 

cpositlohs lh an arson ""f f ;SU^a^etnOsph^ two . 

days at U00°(i for the Bi-25 analysis 

SeJiueiitly, sections' of these, anneal ® + o os \rt 1 Gr. The NiAl was foufld 

and the Ni-2$ Cr was found to contain 2U.5i_+ 0.05 wt % Cr. 

to contain 31.06 + 0.09.wt ?5 Al. 

The elemental chromiuiii used was of analysis of 

Stearns. of ralrfseft trthe .oSoni». This 

“aloirUKfly dtfifed^fo: the refinihd process use^o prepare and purify 
the elemental chromiua. 

Por all experinents ssxple specimens a»-re?as^;L“ U’«"ed"^ 
were prepared and sround w 600 gr . i„gertion into the experimental 

S^afa^rersrd-ann^^^^^^^^ SrfiralTnre given With ahsolute 

ethanol. 

The air used in the experi^nts was tahen fro. the 
the water content of this J rate for all the experiments 

ahhydrous.calcium sulfdte (Drierite). The gaS now ra 

was 300 sOe/ittin and the flow veloOity was 0.18 cni/sec. 

The HCl.gas.was =^rr«ah wfen^^’^e"^^^^ 

128 and 12^0 ppirt (^y wt) HCi. 

The BaCl and Ha, SO. used , id this pr^r^ “iftirraLlttL^tn^ 

Alfa-ventron-pfoducts.. The lot analysis- for the JaOH pellets 

from.Pisher .scientific Co. corrodents at low 

was 0.002 pereent. cLstituents of the Haoh and 

rjorrreTe;:“ ^ 
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HALIM COaAMIHATIOH Of SIAHTIHO MATMIAU! 


ConlPOUftd 


tialidg CA infoaition* 

NaCl Ssit 


Na^SO^ 
(NH^ )^CrO^ 


6.6 — - T*3 


^ bv veiAht as ths sodium salt. 

Kcrssssd in terms of ppm by ve € _ 

- -on^ of the value reported. 

•«a <5 of these ariaiyted values is „ 

6 estimated accuracies of these an 

iiA . fate-coated soeciittens. 

Hot corrosion “f of 

^rciVthf dSircd cSo®teTodl-“tSftta deposit wd« 

«s ll^t^d in T 4 bl^ 1 * . .ainnl cinffle 6 l 6 u 60US solution* 

Xi^t Sartxrofi^S^H ^ntfair i^ 

wueods solution usdd vas such that the ftls.uas the twly oomEOsltl 

‘ 7 t^'USsllfate-t..Snt«%hrow^^^ wUh °A«odac 0 

Of the soaiuH _ prepared by spraying _ .juig product 

TuZ Sorthe AcHdson col^s CO tn UoKofyl ac«.ol 

is composed of ”4 nitpenser. When “VeVlu* 

r 4 ot;trfereh«iSdrrcarL:?.as a^^ 

and then u.e MaySO. ooating was appl^e^ ^ ^ eariw>n.and Ha^so^ -carton, used In 
the deposit*, l.e.. Ha cOj^* ^ t 2 h-ate^ l^ each flgnre. In the 
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B . Exp^i'imStital Pr66edur6S 


+ 5°c by » LMds. ana Northrup froportiimal eontl-ollM series 60, 


The Nad vapors «re generatei from condenSea NaCl in a platinum true de 
fiatuSt tfa movable peaestal in. the caiaaUon tube. The 
eriome was measurea.by ,.a thermocouple fixturea lnto.a qu«.tt.tube.ana lying 

immediately adjacent to the SaCl-contalnine platinum crucible. 


The data of Ewing and Stern (Ref. 2h) was used to calculate EaCl vapor 

=rng“R: ■ 

«60p J However, recoenlzlng that .equilibrium may not have, been. eatablished 

“Is ~s.ss^Ks:^r;r.r 
c sxrssrr (r 

thr6e higher temperatures used here, i.e., 802 °30 ' Aoeordinclv the 

good agreement was observed at the lowest .temperature, $6£ 

irdTaro: - 

raerStHw 4\^rensrordre.^o. correction was.made for samples oxidized in 
atmospheres with Pacl. vapors at concentrations 
dorreetiohS made to samples- exposed to NaOH or HCl vapors. 


The SaOH vapors wei^e similarljr generated except that a silver crucible 

rere rmiwt r rfe^'oituut:^" the 

5Sh was inserted into the air line before JhO?t,«tte .io remove .CQp from the 
iftlet air. 


The thermodynamic data used to calculate vapor- Pfessures 
and (Na 0«)2 were the JANAf tables (Ref. 61 ). Oh the basis of this data, 
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following vapor pressures and equilibrium gas phase- compositions were calculated: 


700 
800 
$00 
1000 
1100 . 




Vapor Pressure 
P* (torr) 


— 9.07x10“ 7 

1.10X1 a" 7 

1.02x1j0“6 

7. 19x10" 5 

l*.2ltxl0-‘^ • 

7. 61x10" 5 

2.0l*xl0"^- 

9. 16x10 “S 

2.13x10*3 

2.85x10-2 

2.39x10"^ 

9. 86x10" ** 

2.95xla"2 

6.50x10"'3 

2.1»6xl0"i 

NaOH .^.(NaOH)2 

ive Cone. NaOH = 

cone . NaOH + 

2 X cone .. ( 


Cone. 

(effective Cone.) . 

_ NaOH**^ in bPm (bv vt. 

O.OO2I+. 

0.16 
14 , 36 . . 

58.9- 

l*8l» 


Thus.,, the temgeratures and "nominal" anticipated concentrations used in this 
study .urs.Tn'-C - 58.9 pp,...627'’c U.M ppu, dnd 52 t“c - O .16 pps, »rw“*ht 

recorded. This is due to , ejtpe.-imental 
invxjlved in precisely; weighing condensed KaOH in. an .air atmosphere 
containing trace amounts of H2O and CO.. On the basis, of our previous NaCl ' 
experience, the actual. NaOH partial pressures are expected to be low bv 
approximately an order of magnitude. Also,., some of the NaOK- vapors will be 
lost by -interaction with the quarts tube walls.. Accordingly, the actual 
Naan partial pressures ane likely considerably lower than theoretical values. 

It should.be emphasised that the. oxidizing specimens were, exposed to temp- 
^atures -much higher than. were seen by the .Naci-or. NaOH-containing crucibles. 

that. the. vapori Zing NaCl or NaOH. had transported from 
the cooler crucibles to cendense onto the hotter oxidizing specimens.. 

Subsequent to oxidation, selected samples were examined, by .optical 
metallography-, x-»ray diffraction, scanning electron microscopy' (SEM)- and 

electron microscopy, techniques. Chemical analys'es. were frequently 
performed -in the course of scanning electron microscopy. studies by energy dis- 
persive x-ray analysis techniques (fiPAJf), ^ Gy . 
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IV. EXmiMlINTAL RESULTS AltD DISCUSSION 

The results. diecuseea in this section ere divided Into three c.taeories. 
Ae. NiAl: An Alumina Rormfer 

B. Ni-25 wt5 Cr and Chnomium:. Chromia Formers 

C. B-190O: A Suiperalloy 


A. NiAl: An Alumina Former 


1. Gaseous Studies 


a. Oxidation in_Air_Alone 

‘ i. TherMoferavimetrig results 

NiAl is a classical alumina former . The rate of weight gain for. NiAl 
oxidized in pure air- at 900 and 1090 °C is shown .in Figs. 1 and 2. respeGtlYel^ , 
in excelient...agreement with the literature (Ref. 62). 

ii . Metallograohi'c results 

During- 1050°C oxidation* an adherent, dense AI 2 O 3 layer is- foraed, Fig. 3. 
Occaslonelly an area of the NlAl substrate, can be seen vhere the lac-er 

Salad on. Lollne to room temperature. Me. .1.. Such rupturing did not ^cur 
IsothCrmaiy since the. substrate woad have attempted to reform a 
scared no indication of any such heaing oxide scale vas observed.. 
saSles of hlAl When examined by x-ray diffraction techniques indicated only the 
B-NiAi substrate^ hecausa tha AI 2 O 3 scale was so. thin. 

The sample oxidized in air at 900°C exhibited a 
identical to that exhibited by the sample oxidized at 1050 c,_Fig^_li_ 

^ • Ox^dat^on ^n_Alr^w^th_ NaCl^j[_ 

1. TherffioAravimetf i c- results 

The: thermogravimetric data for samples oxidized at 900 ^ ^ 

atmospheres containing approximately 1 -^lUO ppm NaCl ^ 

respectively. No significant differences in the thermogravime.tric data, occur 
TeJwren sSies.expoLd.to pure air and.those exposed to Naci-dontaining air. 
fittno^oheres However, this does not mean that NaCl vapors are. innocuous . The. 

weight gain data, is further discussed ih the following 

section. 
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M«1-likTvM*frf' *'’« MelJe“ ’•-CxTJ: 3^„, 
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tfteyvsi'e ext&rt«^ f the f>reee«e^ ^ ^ a' n6re 

i;«aa, va!fs «i^' !*■ 

" « -tke sa,-oal<ia “Mkkdrs g.4<„f “ '’°‘- ^kldrlne (1 ' ^" 

-^Ssnse-Ju^os . the dense ji’ T surface, i„ l“''«>'ound 

iv^-' »hie.,. la aae-er.. ae «"o " 

,, ®>e. surP.ee o' . » ' MAI Lf ““^“■'-S.-ev 

■ tn^Tfg^ hoons as pocV- '' 
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-- rr-£: - 

- a «.«. 

an a*t^^ ^f'f'^araijce. Fig. °n the 

«aol p d 

0^^ surfa-e hetero Fig.. Ii. ‘='°ntinuai ^PPeai-s. as. 

'*'611 -as-ctacka^ ■the grov*‘rt-» o ^ ®^ehif*icatiof °^*^°®®^^F:forrirg 


«a «T;;a:;:~^'^' «a^mca«™ 

*“'•<■««, .ai,.o 7 Vhi^en®"""® kc^ie ? 1* appanent A 
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Th^. ihlofosttucture ol* the sasij'le exposed, to O.Cl ppm KaCl is of patftioular 
interest. Pine Al:i03 fibers h4Ve formed on the blackened surfaces, Fif:. lo . 

This effect sugges.ts that the compact oxide spalled at. temperature and that spallatio: 
occurred long enough before, the experimeiifwas terminated to allOK for tiu’ 
fibrous growth to occur .there.. Furthermore, examination of the rase oi' t!io ovorturno. 
oxide in regions where AI2Q3 fibrous, growths were not present .indicated a.sub- 
stantial- level of both sodium and chlorine at le.vels com.Her.surate With what, was 
obtained from the examination .of 'an Kaci standard. Fig. ^'0. This is . the only kir;-! 
of region where Na and/or Cl .has been detected in Ki.Al sampler- oxidited. ir. I.’aCl'f' 
bearing atmospheres. The detection of Na and Cl on this. type. of. surface was not 
limited to this isolated, area of. the Spalled surface. This, su'.aly'.sis war typical 
of numerous separate. overturned oxide surfaces ^ However, tne abpe.arahce ot i.a ana 
Cl only or. this, kind of -surface, is difficult to understand. .Questions arise such 
as: 1> why it was observed. .there and not. on_ the- original, surface of the oxiaicing 

Sample -and. 2) how.it could have i'arvived any period of time at that site without ._ 
vapor icing, since at 90C°C the partial pressure of.XaCl is approximately torr 

(He'f. 2^+)? .Thus it seems possible- that this soditm. and chlorine are incorpor.atsi, 
at reduced activities, (but not necessarily a s NaCI ^ into the dense Al^C, layer;. 

It .has been .shiO.ViUi that, by decreasing the NhClvg) level \le to C.'ol ppm' 1;’. 
the oxidiiing atmosphere at uco®C, a trend is noted. This trend relates, to botn 
A12CJ whisker morpholcgjt and the nature- of isothei'mal scale spallation. By increasin 
the KaCl concentration., the nu.mber..of Al^O^ fi.bers is increased-.while their 
individual sine is decreased. Similarly, isothermal scale spaliaticn is decreased, 
by increasing the .XaCl(g' level in this range. 

E.yperiments. were conducted to determine if the alu.minum in the Al^Os wl.iskers 
reported here derived eith.er fro:r. a reariangement of tne surlace AI2C5 at tne. ga^- 
oXide Suirface or-l’rom alum.i:iu:t; at the metal^oXide interface. Beth impure vn 
Coor.'s alumina crucible- of ordinary commercial ijuality} and high purity uc:;se 
(99.5- percent from. Western. Gold and Flatinum .Co . ) alumina Were expose.^ to both pure 
air and to air-, containing NaCl Vapons . Tlie-concentration . of NaCl was in the 
range, of 100*200 ppm, at. a temperature- of 10‘^0'^C' for- 2^4 houri . ?ubso.iuently both, 
samples Were ■ examined by scanning electron micrc.scopy .technisiues . In a-.u cases, 
Whiskers were, not .observed, .Fig. 2L . This, indicates, that the alur:inum 
souree for feming the AI2O3 does, not lie at the surface of the.o.xidl zing NLAl 
ooupona. The. Al^Oj Whiskers are net forming simply in response to a drive to 
lower the free ehemgy of the surface Al^O^ layer. 

The inabili.ty .to grow AI.hF, whiskena on - substrates under ti-.e "mi-id'' 
experimental condition.^ used. here is .in full agreement- with literature reports 
describing the preparation of such. whiskers whore sabstuutially. Itigher 
temperatures ( -1300''\') and more .vigorous atmospheres are. reviui rod J-ief. 'e.''. 

Occasionally, a citation in the literature briefly mentions observing a few 
Al^Oj whiskers whicli formed ofi oxide scales in the course of an oxidatior. stu.iy. 
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e.g., Kufefitly. and Douglass 6U). However, 'because such whisker growth is 
not conconuttitantiy associated with a large, difference in the thermogravimetrk 
weight change data, their. presence has been largely ignored. 



In the results reported herein, the representative- oxide scale formed on the 
NiAl sample oxidised at.$00^C in air has been previously described, Pig. 5. • 

However, an isolated area of that sample indicated a very localised growtti.of 
Alp 0 3 whiskers about an imperfection in the dense oxide scale, Pig. 22. The 
general dense oxide scale Surface exhibited an EDAX pattern indicating a very 
high aluminum level as .expected, with only trace amounts of nickel. The 
latter results perhaps from the electron beam sampling below the oxide into, 
the substrate metal. However, the .central, particle in Pig.. 22 exhibited a high 
nickel concentration. Since NaCl at trace xeveis i.e. , low. ppm values, is 
expected to be.found virtually everywhere and on the basis of both the composition 
of the central oxide particle and the regular disposition of. the AI2O3 fibers 
around it, it may be suggested that an alminum-rrich vapor species fOrmed.beiow 
the surface -of the oompact oxide layer. Pig. 22, A certain amount of this chemical 
species then exited the. dense AI2O3 oxide layer at the imperfection site. once, 
in -the ambient atmosphere, this moiety then exp.erienc6d vmfavorable ..thermodynamic 
conditions and .decomposed to yield AI2O3 in the foim of the whiskers seen in Fig. 
22 . 


The fact that such whiskers have hot been observed more frequently .likely, 
results from two factors. In the first, place, equipment used for oxidation - 
experiments is frequently kept very clean.. This itself- would .tend to minimise 
the- concentration of.NaCl vapors which would cause such effects. In the 
second place, .oxidation studies generally emphasize optical metallography as. 
the tool to examine oxide.rsubstrate interface. Although optical metallographic 
techniques can be used to see whiskers under favorable circumstances, it. is not. 
the optimum instrument for examining features such as the Al^Oa blades discussed 
here. 


Ox^dat^on in_A^rj#^th HCl(^) 
i . TherniGsravimetric results 


The effect of Hci gas, in the concentrations examined, on. the 900 and I050°c 
oxidation of NiAl f roni. the Viewpoint of affecting the thertnogravimetric behavior 
is not apparent. Pigs. 23 and 2\, 


ii . Metallograuhie studies. 


i i hi 


O 

The surface oxide, layer, of the NiAl sample oxidized .at 900 C’ln the presence ^ ^ 
of. 1260 ppm. ttcl shows evidence for locally continually fotming* breakin6t ajid reform- • 
ing of the oxide scale. Pig. 23-. The surface of the oxide scale is replete with short ' 
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atubUy AI2P2 f'ibara* Pig. 26. . fiy- incir^asitig the temjieratui*e to 1050^C, and hy 
decreasing the level. 6f HCl in the atffl6sj>hei?e to 126 pjjjn, long -thin AlgO^ fibers 
vere obtained. Fig. 2T* The trend inwhieh a higher concentration of HCl in the 
atmosphere results in more but smaller whiskers mirrors the behavior observed, 
for HaCl(g). 


The Sample of NiAl oxidized at 1050*C in air. containing 10 ppm HCl, Pig. 28, 
shows Significantly fewer whiskers than were seen on the surfaces of samples 
Similarly oxidized in atmospheres containing higher levels of HCl gas. Additionally, 
the whiskers found .here exliibit a large range of sizes. Most are a few tenths of' 
a micron in length while a few have lengths of. greater than do microns. The 
latter Size is more nearly like that observed after e3q>os.ure to higher levels 
Of HCl in the oxidizing atmosphere,. 

To further confirm that the aluminum for the transport process is derived 
from below the metal oxide interface, a sample of HiAl was oxidized at 105o*^C for 
6U hours in air in a pristine apparatus . in order, to develop a. thick protective. 

Oxide scale. Then without. removing the sample from the fvirnace, HCl(g) was 
added, to the atmosphere, at a level of 126 ppm and oxidation was continued an 
additional 25 hours. - Examination of the sample by SEM techni<iues. showed, Fig. .29, 
far fewer whiskers than were .observed .in the case of the sample oxidized at the 
same- temperature, and HCl(g) concentration. This is the anticipated result. if the . 
formation of these. whiskers is. controlled by diffusion through a protective 
alumina scale. 

d* Oxidat ion in_Ai_r_w^th ^ 

i . Thermogravimetrio results 

The thermogravirnetric data for NiAl exposed to NaOH vapors at 58.9* 
and 0.16 levels are shown in. Fig. 30. 


ii . Metalloaranhio results 

Examination of'the NiAl. sample exposed to nominally. 58.9 ppm NaOH at 1050^C 
for 2U hours, .via sEm techniques indicates a surface for the most part similar 
to that seen on simple oxidation, cf. Figs. 3 and 5. However, there are some- 
important differences, shewn in Fig.. 31, large areas of the scale had s.palied . 
apparently on cooling since the underlying exposed metal substrate exhibiited no 
indication of additional oxidation. -The. sample oxidized at 1050 c. in the 
absence of NaoH(g) exhibited no such tendency to spallation upon cooling. However, 
not infrequently, regions of the. surface were encountered where. crystals of AI2O3 
were obs.erved,,Pig. 32* No Na was detected by EDAJ^ techniques anywhere on the. 
surface.; it was expected that a condensed sodium aiuminate phase might have • 
formed on the sxxrface as- a. result of. the interaction. of NaOH With the Al^Oj 
surface.- ' — - - 
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In yiev of faot thot Itfvoltt, i ,c . values , of ehl^ride wen* 

I'reiiont. in the- condeiisiod NskoH*. it eantidt .be ufic'viui voijuu.v con&iuded. tnat the a 1 ;v\< 
blttdee. observed here rbSulted frow the NaoH.. Also the meri'hoiO(t,\' Of the Al;.Oj 
crystallites found here is. different from that aeon in. oxidation iavolvin^ the 
SaClv^). 'fhe reason for this difference in morj'hoioft.* is not currently.* understood.— 


Tite 'lai*^' degree of spallation present, .cf. i'ig. il, is llkeiy. the result 
of the NaOU(g) present, iipalldtiou ofthe preeiso nature .x'ound here was not ohe.ervevi 
in the case of liaCl und.iiCl vapors, in the o.'iidltin? ntmosphere . 

e. Oeueral W^t*US£ion_Of j^he_ jBf foots ef_%Ci(£,)j, li'fi.(£.)jaudJNaOH( £h^ 
OX^dat^on Bohav^ 

The re.suits of these experifi'^nts. show, that gaseous products interact with 
oxiditing.-NiAi. A preduct Of this interaetien is Ai^^o^i whiskers .which fora -on 
the dense Al^O’3 la.ver. -These whiskers are not ObservccL.-unless the envirohnent. 
contuitis gaSeouS l^tu'i 01*. MCI ahd poi^sil'ly NaOH. * 


A uushbOr of j&echanisms involving fiber growth are .potislble. Potential 
growth mejihanisms can involve cOapaot oXlde growth st res eee or chemical vapor. . 
troiisport pi*aeesses. Cheaical vai'or tranuj.Tort processes raight result -from i‘eactio:u; 


involving' either Al^vC^ tc) alone or. Aip03(w') witli a gai> pha-oe corivdent, i..e. , 


Ik'l, UaOH or Uaolig). 
liaCl or indirect ly as 


In turn, NaOl^g) ccnild react with Al^'Oj either, directly ar- 
ils ItydroiyriS prodvicts, NaOt! and HOl . Tliere porr lbil.it ier 


Will bo discussed x^u‘lhcr. 


Kuencly and Pouglarr (iief..ei 4 y have suggested that Ai^Oj vuiskiuis, observed 
In oxidation experiments involving specimens, grew by a cation dix'fusiou 

meehanism resulting from growth stresses in the compact oxide scale.. If. this is. 
tho-case in the work discussed here, theti it might be expected that, if oxide 
Scale -growth stresses and cation, i.e., Al^'i dix'l^n1ion through .Al-C'^ were, tlio 
dominant. factors in A1.-.03 wiiisker growth, A 1 .. 0 , whisker growth should iiave . 
occurred inaep^ndeiitiy of the presence or uintence of wacitg) in the o.tidicmg. 
atmosj>l:jere. . Purthei*i«ioxks differences in NaoJig) oencentf'at ions should hoi'e nc_ 
efiVct on Will sker morphology* ibwever, differejices --though subtle - in Ai.>v\< 
wiiisRer ittor.phoiog;v are.stani for sfimj’ies oxidised at the so.me .tempeniture af;d 
difx\nvnt levels of liaougV in the oxidiclng atmosphere. Tiius, this mechanism 
does not explain the ex'fects riii'crted here. P'imUar.ccnanetjts can be 
made fox‘ exi'erlmentr. lnvo.U‘ing UOl and liaof!. 

With respect to the possible chemical vapor transport processes, a concept us I 
reaction i^or— the AIh’'^ x'li'er growtli mlglit ijivolve flie dispivport ionation- 
Vupori cation of Al.'O^Co): . 
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However, the blank .ej^periaents involving dense AI2O3 failed to show any whisker 
growth. This result is readily anticipated since. at 1300 °K the calculated K 
for the above reaction is appr^xiaately 10“**^ (Ref. 61). Therefore, a. dispri- 
portionation-vaporitatlon mechanism is again not applicable. 

Another chemical transport process could involve the .reaction of HCl(g) 
with AI2O3 . The HCl vapors for such reactions could be intentionally present. in 
the oxidi ting atmosphere or derive froa the hydrolysis of NaCl, i.e., _ 

NaCl.(g) ♦ H20{g) -► NaOH(g). + HCl(t).. ( 20 ) 

The HCi(g) present would then diffuse through the dense AI2O3 scale formed. on the 
NiAl sample. At the metal-oxide layer interface the HCl could react 
either with the AI2O3 scale itself or with the aiuainua in the Substrate. 

Examples of the former equilibria are: . 

Al 203 (c) + 2 HCl(g) . * 2 AlGCl(g) + H 20 (g),and (21) 

Al203(c)_+- 6HCl(e) = 2AlCl3(g)- + 3H20(g)'. ( 22 ): 

The free energy- values, for these reactions at .i. 300 °K are positive and quite, large,, 
i.e., 11*2 and 7 T kcal for. reaction 21 and 22, respectively (Ref. 6l)._ Similarly, 
the reaction involving the, .auLbstcaie can be represented by 

Al(in NiAl) + nHCl(g) » AlCl^(g) n_s 1 , 2, 3 . C 23 )- 

The free energies for these reactions at 1 . 300 °K are - 13 , -27, and - 50 . kcal for 
the foraation of the_monochloride, diChloride and trichloride, respectively 
(Ref. 61).. 

Thus, if the dense AI2O3 oxide, layer can keep the oxj'gen potential. sufficiently 
low .at the metal-oxidS Interface ..and if .the HCl and aluminum halides and oxj'halides 
can diffuse through the dense AI203. scale, then Al^Oj whiskers could form from- 
the. appropriate disproportionation reactions. -.Such a. mechanism would not. allow 
for easy "short circuit" diffusion of .aluminum halide gaseous species, through 
cracks in the- protective A12.Q3 scale because,, if HCl and the appropriate aluminuir: 
vapor species can diffuse through such cracks, so could oxjtgen. Such oxj'gen 
would then interact with the. transporting aluminum vapor species forming AI2O3 
which would-be expected to. plug. Up such easy diffusion paths.- The localised AI.O3 
crystals observed in the blank specimen .oxidized .at 900 °C are not reaiMy 
explained by such a model unless local, inhomogeneities, e.'-g., .differences in 
Chemical Composition of the substrate, excluding oxide cracks, were resp.onsible. 

Cirain boundary diffusion would not be precluded by such- a model as. long. as the 
diffusiVity of the oxygeti- was much less than that for the responsible halogen 
and alumimun-halogen vapor species. 
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A mechaftistt such aS. this would suggest extensive and virtually continuous 
dense oxide scale rupture, spallstion and reforination at constant temperature. 

As more and more material was x‘emoved from the scale-metal interface, the oxide 
scale would become locally nonadherent. Cracks .then would locally develop in the 
scale because of heterogeneeus dense scale growth kinetics. Gross oxidation of the 
substrate . immediately below the locally spalled area would then proceed rapidly 
as a .protective scale tried to reform.. This type of behavior was observed, in KiAl 
oxidised at 900‘*c in an atmosphere contaifting.,0,61 ppm NaCiCg). , 

The transport of aluminum to. form AI2.O3 blades has been described in terms_ 
of • a cycle involving . aluminum chloride or aluminum-ox^'^chloride vapor species 
derived .from HCl vapors. Stearns et ai, (Ref. 6'5) and fryburg et al. (Ref. 66) 
have Observed the gaseOuS species (Naci)i^2j3 Cr03 , (NaOH)i^2 (NaCl)^2(^^’^'^3^3 

(NaQH.)-M003 . These vapor species may be viewed as volatile* complexes of NaCl 
(or its liydrolysis product NaOH) and a metal oxide. If similar but .as yet 
unidentified species exist in case of alumina, the overall interpretation of the 
transport effect suggested above in the case of. HCl remains the same while the 
specifics, e.g., the vapor species responsible for transport, will obviously 
differ. 

On the .basis of the surface structures seen for NiAl samples exposed to 
slowly moving oxiditing atmospheres containing. NaCl and HCl vapOrS, the thermo- 
gravimetric data for s.uch samples should not. yield net weight losses. The. 
aluminum. removed from .the alloy by such. vapor. processes is partially. redeposited 
on the outer .s.ur face of the oxide layer.. However., in. a rapidly moving gas stream,, 
the. fine AI2O3 wniskers would not be .expected to form on the substrate surface. 
Rather -the chemical species responsible for their growth would be swept down the 
turbviient gas stream. .Accordingly, eccamination of turbine hardware would only 
fortuitously be expected to show the presence of such Al^o^ fibers. 

furthermore, from empirical observations of the factors leading to AI2O3 
Whisker formation, the higher the temperature the more effective will be the 
diffusivlty of pertinent vapor .species through the dense .Al^Oj oxide leiyer- and 
so aluminum will be increasingly more rapidly, removed from below the dense Al^Oj 
Scale. Again, . NaCl and HCI for such, processes need not be .reformed. in the 
chemical cycle.. In the l.ppm NaCl -air. compos itl.on range, .the NaCl(g> should be. 
lost to and gained from- the atnroaphere of a marine or industrial gas turbine, in 
the absence of an unidentified chloride sink, at approximately • equal rates 
(Raf.. 21). Although these experiments dealt strictly, with NiAl, siwilai" NaOi(g), 
HCi.(g) and ppssii'ly NaOH(g) effects, afe expected with other coating and alloy 
compositions .Wfiich are also AI2O3 formers.. 

This description has primarily considered the effdats of NaCl(g) on the 
oxidation behavior of NiAl and inferred that riCl(g) and possibly NaOH(g) behave 
similarly. . However, differences maj- exist* for. example, with I2b0 ppm Hci.in.. 
the a.tmosphere at lOfiO^C isothermal buckling aj»d cracking of the. AI2O3 scale was 
evidenced. H is not known if NaCl(g) at these concentrai.iciua. ahd temperatuivs 
Would behave similarly. 



The desclription here of aiuainum trahsport effects has ‘been 'both Speeulative 
and Qualitative because of Our presant . lack of knowledge. of specific factors 
controlling this .effect- The. precise nature (composition and properties) and the 
diffusion, mechanism(s) responsible for transport through an otherwise dense 
alumina .scale are unknown. Thusiy, later in_this report., when reference is 
made to an aluminum-containing vapor species responsible for alumina whisker 
growth, the notation ’•Al-NaCl" will be used to empirically describe this moiety. 
Furthermore, this notation is rot meant to imply that only one chemically distinct 
aluminum-bearing vapor species is responsible for all the alUmin\an transport 
effects observed here.. 


2. . Condensed Studies 


a. -Loss of MaCl frOm Pure Ma^SOu 

The amount of. Sodium chloride -observed in the nominally xiltrapure grade Na2S0j, 
is greater than: that needed in simple oxidation to yield both a-Al^pj whisker 
grOwth-and-isothermalAl^Oj scale spallation, cf. Table 1. Accordingly, the .. 
anticipated rate of loss of NaCl from pure condensed Na^SO^ was examined as a 
function of time at 900®c. Samples of: the pure Na2SC)4 were .placed into a box 
furnace held at 900^C fOr. periods of 2, 6, ,2k and k8 hours. The samples. were 
subsequently analyzed in .duplicate and the .data presented in Fig. 33. • These, 
results show -that, .contrary to expectations, the level Of sodium chloride in the 
Na^SOj, melts rose over a .period of 2k hours to a level of about 20 ppm. This . 
increase in chloride content . cannot be attributed to the preferential vaporization 
of Na2S04 and concomitant enrichment of the residue in.KaCl.. At. 900°C: Ils2S04 
and NaCl exhibit partial pressures of 2.5 x 10“® and 2.5 torr,. respectively^ 

(Refs. 6t and 2k). Therefore the NaCl responsible for the chloride increase. in 
the melt must have come, from the furnace atmosphere... The furnace .used for- this .. 
work was an .Ordinary laboratory box furnace which has been frequently used in the . 
past for Na2$04 cOrrosion studies and no special precautions were taken to assure 
that NaCl was nOt presentj^ 

Thus, these results indicate that NaCl at lew ppm levels is not easily lost 
by preferential vaporization from molten Na2S04. It can be suggested that Na2S04 . 
deposits in .actual corrosion .environments contain, at least this concentration of 
NaCl. Wolters determined the NaCl-NagSO, phase. diagram Ahd found it to be. a 
Simple eutectic with no significant solid solution of Naci in.the.Na2S04 (Ref. 68). 
Flood has remeasured the_Na2S04branch of the liquidus. and has shown. that these 
salts fora a practically ideal solution. (Ref . 69). Thus i.t is reasonable to 
expect that NaCl present at. impurity levels (low ppm values) in Na^so^ deposits 

ag ■St does ift the gas phase at similar concentrations. 
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b. MaoSpL io Air 

^6 thermogravlmetrifi data fbi* J}a 2 S 0 |^- coated sam^lds of NlAl oxidized at 
$o 0 and 1050^0 are ehown in Fige. 3 ^ and 35 1 respectively. 



ii. — Metedlographic results 

The micrOStructvire of .the Na 2 S 04 -coated NlAl e:^ 0 Sed at 900®C has been 
described in the literature and is shown in Fig. 36 (Ref. k2).» "nie precipitated 
phases at the base of the oxide scale tin the NijAl layer), are rich in aluminum . 
and svilfiir and are presumably Al^Ss , Fig. 3? . Occasionally, however, the larger 
of these particles extend into .the Al-depleted NiAl region. Fig. 38 . Of . 
significance, however, is the observation that the portions which extend furthest 
into the aluminum-depleted 0(Or NiAl) area are enriched in oxygen,. not sulfur. 
Fig* 39* In traversing these particles from the 6 substrate to the oxide- 
atmoaphere interface, the composition of such particles converts from oxides,, 
to sulfides, to a mixture of Sulfides and oxides and finally to only oxides.. 

This result Is not anticipated from results reported in the literature .which 
Only report the. presence of .sulfur-rich, particles, presiunably AI 2 S 3 , in 
this region of the. oxidized sample (Ref.. l42). Fvirthermore, such .oxygen-rich 
areas are. not found. in particles totally retained in the y* tone near the NlAl 
interface . 
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It can ba arguad that this morphplog^^ is anticipated it the .protective * H 

alumina scale ruptured and suddenly exposed the .aluminum-depleted substrate to a 
high Oxygen potential, i.e., the sulfate melt. The rapid depletion of oxygen 
by oxide formation would. then j'esult in a sudden increase in sulfur potential . It '! I 

leading to aluminum sulfide formation behind the oxide front (Refs. 13-17)* . ! 


c. 


HagS Oi , . i n Air Wi th RaC l(g) 



i. thermofiravlmetric results 

The therfflogravimetric data for samples coated with Na 2 S 0 ji and oxidized in_air 
with various amounts of Naci(g) present at 900 and .10$0*^C iS Shown in Figs. 3)* and 
35* respectively. At 900°c there .is-, apparently no. sicnlficant. difference observed 
in the oxidation beliavior of NSoSOj^-coated NiAl for NaCl.(c) concentrations ranging 
from 1 to ll<U ppm. However, examination of the surface of. the Na^SOUrCoated NiAl 
sample exposed to lJ 4 l< ppm Nacltg) at 900°c shows profuse deposits of a-AloO.^ 
whiskefs, Fig. .i 4 i. Similar whiskers were observed on samples oxidized, lii Naci 
vapor-containing atmospheres. One possible explanation for such. whisker growth 
involved stresses in a. growing protective alumina oxide scale. However, as shown 
in Fig. 1*1, the AI 2 O 2 whiskers observed here have clearly not. developed, on. a highly 
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Stressed Oxide substrate. A potential toechanisn for the grovth of such crystals 
here is taost likely the saae chemical vapor transport processes involved in the 
oxidation of NiAl in atmospheres containing NaCl» HCl and possibly NaOH. In. 
light -Of. the possibly enhanced vaporization of NagSOj^Cc) effected by.NaCl vapor 
alone. (Jlef. 55), a. spot test was used to. confirm .the .presence of ■NagSOij(c) on 
the surface of the. sample. . The results. of the spot test were positive. Therefore, 
these whiskers .did. not grow on the surface of the NiAl sample after all the NagSOij . 
had been i*.^oved from .the oxidiziiig surface. Since NaCl(g) has .been shown to cause 
whisker growth, the source o£ the whisker promoter, is the small quantity always 
present in the alkali salt at contaminant .levels. 

At 1050°c, Fig. .35, the Addition .of NaCl(g) to the atmosphere apparently 
mitigates .the corrosion effects. from condensed NagSOjj over the .time. Span examined: 
here, i.e., 2U hours. The ®reater the. NaCl(g) partial pressure. at 1050°C the longer 
is the incubation period before accelerated oxidation effects occur.. The sample 
of NagSOi^-coatedvNiAl oxidized at .1050°C for twenty-four ho\ars in an atmosphere 
Containing 199 Ppm NaCl has been largely unaffected by the molten NagSOij deposit. 

Fig. ho. 

The experimental results show that NaCl present in the air. or in solution in 
HagSOi^ Can result with and transport aluminum from the scale-substrate interface 
to the outer surface. At 9dO°C, the role of NaCl is most .likely restricted to 
scale rupture and .the development of. an aluminum depletion zone in the substrate. 

The Jocal absence of a protective AUO^ layer and the presence of art extended 
aluminum-depletion layer have been sho^ to be sufficient to yield accelerated rates 
of attack of presulfidi zed NiAl oxidized at lOdO^C in oxygen,, cf... Fig. 12 in Ref. 

7d. . This situation is exactly ..analogous to that reported here once the protective 
AipOo layer is ruptured. This interpretation is not in contradiction with results _• 
in the literature in which presulfidized S-19dd, Waspalloy and U-7dd .were found to 
oxidize at rates Comparable tO that Of the sulfur— free alloy, even thou^ the. pre- 
sulfidation treatment, yielded substrate micrQStructur.es with sulfide precipitates- 
in depletion zones: similar to those found after exposure Of the base materials to. 
Na^SOh-induced corrosion (Ref. 71). Althovigh microprobe results are n-ot presented, 
the sulfides formed were most likely those Of Cr and refractory metal compounds . 
However, the aluminum content of the affected zone remained constant. As far as the 
chemical components comprising: gamma and gamma prime, the aluminum level may have, 
been slightly increased because of the loss of the elements which are more prone 
toward sulfide formation. Thus, the oxidation of those presulfidized samples is . 
expected to yield oxidation behavior similar to that seen by the sulfuT-free 
specimens unless the oxidation .behavior Of the Sulfide particles was critical to 
the propagation phase of the corrosion process. The .affected zone formed in the 
work presented herein and also by Goebel and Pettit (Ref.. 70 ) involves depletion 
effects for the element needed at a critical concentration to effect protective 
scale foundation, i.e., aluminum. 


29 




The effect Cf.NaCl VApOr oh the 105 C)OC Na^SOi^-inaueed h6t corrCSiOh of NiAl 

was to ttltUate.the effeets Of the COndefised Na2S5i,. This 

following reaction 


‘ from the substrate or. from 
the scale at the scale 
Substrate interface 


+ 


NaCKg) ••Al-NaCl"(g)^ 


It has. already been proposed that the '’Al-^KaCl” - species , fonning at the metal- 
oxide interface., is stable, vinder low. partial pressures of 6:^gen. Upon diffusing 
through the Al^O. scale, this species encounters a higher oxygen partial, pressure 
in the ambient atmosphere in Which it is thermodynamically unstable. The result 
is the decomposition of this species to yield AI2O3 whiskers as has been discussed 
earlier. Similarly, the ."Al-fiaCl" species also experiences an increased oxygen 
activity if a film of Na2S0i^ is present. The effect Of Ua2S0ij can be described 
in terms of the following equilibrium: 


Na^SO^CcL Na^OCc), + SO^(s) 


1/2 O^Cg). 


The “Al-NaCl" "species will remove Oxygen from Na2S0^(c) or.the phases in .equili- 
brium with it (Cf. £q. 25) to yield a fOrm of alumina "Al^Oj" and release IJaCl(g) . 
to regenerate the cycle. If this "AI2O.” is .available in sufficient, amounts to 
react with the sodium oxide yielding Nako2.the protective scale breakdown. process 
will be delayed as will the sulfidation^initiation -process.. It is Suggested, based 
on the results. presented here, that the "Al-Naei” flux is large enough at 1050 C 
but not at 900 °C for the NaCl(g) levels examined here to . supply, the necessary 
amount -of aluminum (as- '•AI2O2”) to. delay the protective scale breakdown process. . 
Furthermore, the transport Of ”Al-fiaCl*' across the protective scale-may be suffi- 
ciently rapid sh that the production of AlgO^ is high compar.ed with its removal 
by interaction With KagSOij and the phases in equilibrium wtth.lt, particularly 
Sodium Oxide, under, such cirCumS-twiCes^, alumina whiskers are anticipated to be 
found on the oxide surface. This situation will be particularly possible in 
atmospheres with high NaCl(g) .levels,, cf. fig. ^ 1 . 

It is tempting to. describe the beneficial behavior of NaCl(g) toward the 
Sa-SOi,^induced hot corrosion of NiAl at 105.0OC by the. term "inhibitor.." However,. 
as^iS**obVious from.the discussion, NaCl(g) does not function as an. inhibitor in. the 
usual sense of the word. . crgO^, an example of such an inhibitor, reacts directly 
with the NapSOj. deposits. The metallic substrate does not interact with the (^*203. 
On the other hand* the beneficial effect of NaCl(g) is only obtained by direct, 
interaction with the substrate.._ The mode .of_ihls interaction results in the direct 
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sacrifieial loss Of 'aluminum i*r.6m th.6 substrate. This work suggests the -use Of an 
alUtoittUnl compound as. an . inhibitor. (in. thS usual sense of -the word) injected into 
the combustion. Chambers .may Or. may- not ba effective. The success, however, will 
depend on .whether* in the gas or condensed state, suitable reducing conditions 
exist under Which an "Al-^NaCl” moiety can preferentially b.e formed .with the 
aluminum contributed, by the inhibitor. 

d. MagSQh . in Ai£ vith_HGl jjitj^ 

i. ThermOgravimetric results 

The -thermogravimetrtc data for. the effect of HCl(g) on the Ka2S0jj-induced 
oxidation Of NiAl -is presented , in ^’igs•. 1*3 and Ult. 

ii. Metallographio results 

The microstructure of the sample corroded at lOjO^C With. 128 ppm HCl shows- 
oxide-filled pores connected to the surface. Some of these pores also appear . 
empty and are connected. to the oxide-filled. pores; finally there are some empty 
pores which appear isolated and exhibit smooth and shiny internal Surface, Pig. 
1*5.. These latter exhibit certain similarities to Kirkendall .voids. If 
material was present in these voids, it was removed during metedlographic . 
polishing procedures.- In the region of the substrate near the. oxide filled 
pores, an apparent phase change to y.' is often observed. Also a martensitic-like 
structure is observed, pig . U6. .This latter feature is freq.uently , noted -in the 
depleted 6-NiAl phase near oxide particles in Na^So^ -coated KiAl samples oxidised 
at 1050°C but is not seen in similar samples oxidised at 900°C. 

e . £anbon__in Air 

i. ThermOgravimetric results 

The. theftnogravlmetric data for. the sample cOated with 0.13. mg/ca^ of ear?-- 
bon Aftd oxidited at l050°c is. presented in fig. 4*7. No observable difference 
is seen between this sample and the samples simply oxidised in. air. 

f . Gairb©n_i rt Air wi^h_KaOM ( £> 

i. ThermograVirnetric results 

The thermogravirnetric data for the carbon-coated samples oxidized, at 10?0°.C 
in air with NaOH(g) present indicates-.no large effect -Of the NaOH sp^siies at the 
NaOH(g) levels examined, fig. 48. 






g. Garbon_i|i. Aif, 

i . The^m0ftravlm6trio fes^lts 


Carbon.-coat.d NiAl sattpies. exposed to.HCl(g) et 10$0°C shO.^ initial rates of. 

attack that are proportional to the amounts of HCl preaent L- 

o+inh<»*here Tit U9 The steady State. oxidation rates are independent of HCx(g) 

oxidltfd in MC1(.)-W1^ n«=sphV«.an 900 
do not reflect any effect Of the carbon deposit. Fig. 50. 

h. Na2|Lp4j<L% 

i. ThermOgravimetrie results. 

The NiAl samples coated with Na^SO^ and carbon and then oxidized at $00 C 
gives svld^^l:e Sf linear exidatien kineties, after a brief incubation perio^^at 
a rate lower than that found in the absence of the carbon deposits, Fig. 51 end. 
34. The sample oxidized at 105a°C exhibits thermogravimetric behavior .similar 

to that .exhibited by the NiAl sample coated only with Na^SC^ and similarly 

oxidized,. Fig. 52, cf. Fig. 35. 

i. Na2Sp4_artdj:arbon in_Alr_wi.th NaCligJ. 


i. Thermogravimetric results _ 

The thermoenavimetric data. is presented in Figs.. 5J and 5.4 for samples . 
oxidi!fd 10.^0. ratpactivdiy.. ■ = 

effect Of NaCl in hot corrosion is again apparent, cf. g. • gx *d«n nf 

ooo°c .the effect of chloride and carbon on Na^ SQ, -induced accelerated oxidation of 
liM suggests that.no obvious relationship exists between the NaCl(g) concentra- 
tion added tO the atmosphere and the rates of attack. 


J . Na^ § 2.4 £arb£h_.ih Ai£‘Wi£h_HClX^X _ 

The samples oxidised at 900°c Iti atm6s.pheres. containing 1S8 and 1260 ppm 
Hci(g)-give evidence of HCiCg) possibly functioning as a corrosion mitigator- 
in the hour period shown, Fig. 5§* with.lS6o ppm HCl(g) in .the oxidizing 
atmosphere at 10500 c, the Hci(g) does not appear _to be functionittg as a. corros- 
ion inhibitor. Fig. 55* .Moreover, in the caae of. the sample oxidized, at 1050 c 
in an atmosphere of 128 ppm. HCl, after- about k$ hours, the corrosion rate in- 
creases rapidly, Fig. 56. it may be that at 900®c after a sufficiently long 
period of time accelerated att tck will also occur. The nature of this behavior 
is not currently understood. 
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Air wi^hJ«aOH(^) 


Th6rinOftravim6trlo rasultg 


Th6 thSraogravirtStric data for the samples ojddi?,ed at $00 and 10$0°C for 
2h hours, in aii atmosphere containing 58.9 ppm NaOH(g) is shown in Fig. 5 ?. 

This behavior is possibly similar to the effects observed for NaClfg) and NiAl 
coated with Na^SO^ alone. 

1. ia^SO^j/itE Cr^Oj in_Alr 


Thermoaravimetric results 


The thermogravimetric data for the. samples, oxidized at 900^C indicates a 
slight weight gain lasting fOr. abOiit two hours . followed by. a low rate of weight 
loss. Pig. 58. -At 1050°C immediate weight loss effects. were noted. Fig. 58. 

This weight loss likely derives from the loss of' SO^ CSO^/O^) and Na^CrOj^ formed 
from the reaction .involving Cr^O^ and Na^SO^ . 



B.- Hi-25wt.^ Cr and Chromium: Chromia Formers 

1. Gaseous studies 


a. Ox^d^tE®n in_Air_(dr^) 


Thermogravimetric results 


The. thermogravimetric data for Ni-25 wt53 Cr oxidized in. dry air. at 900 and 
1050°C is . shown in Pigs. 59 and £0, respectively. These data are in qualitative . 
agreement with results published in the. literature for similar alloy compositions 
oxidized in this, temperature range (Refs. t2-7U). 


ii . Metallograuhlc results 


X-.ray diffraction. results of samples oxidized in air at 900 and 1050.°c 
indicated only . the presence of Or-^Oj in addition to the nickel substrate. - 
Metallographic examination of samples oxidized .900 and lo5o^c failed to. show 
anything unusual. Microprobe examination of .the Surface of . the sample oxidized 
at .900°C Tor 2k hours indicated a cr depletion zone immediately, adjacent to the 
oxide layer. ■This.deyxevir'n zone had a width. of .2. 5w and a chromium con.t.e,nt of 
19.2 wt?^ compared with thf; base clloy value, of 25. 1 vt^.- 



The samples oxidised at 900 and L05d®Cr showed dens.e compact- oxide scales 
attached to the siibstrate metal. A variation of grain size? and geometric 
crystalline shapes were, seen on the .axurface of the oxidized siunple. Figs. 6l and 
82 .. EDAX scans of the oXMe scale indicated the presence of ohly chromiiur. with 
trace leVels of nickel. 
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i, r^sults_ _ | 

rtvidi zed in Aif toubbled through water 

Ihe thernioeravimetric data for ^ difference, if the air was 

at 25“c 1. SH 0 W« in n*. 63. At noted .[ 

wet Or dry. FIS. 63 cf. F s- • jitaer case with or-wlthont water in the 

at 900°0. is nat^Mown^ Fis^ - The surface oxide structure . 

:"»^leToridi“t at ,00 and 1050»C a«ear eery einilar. .._„1 

c . Oxidation inJiirJdrjL ana wet )_with »aClisi | 

iV Thermograviinetr ic results ^ 

Nd Cr ojtijiized - in ,NaCl.~ 

Statistical differences in “^p^ervith the scaling: rates in simple 

bearing atmospheres absLce of Nad. vapors the oxidation be- 

oxidatiOn,.rigs. .61* and 65 . • ^ ^ Kowaver, at -900°C in the presence 

havior of. the .specimens VaS ‘ breakaway oxidation kinetics were 

of Nad .vapors*. "S"- Shaped curves 6xPo‘*ed to- Nad vapors. in the approximate 

frequently observed when the -rttiies exposed to About 100-200 ppm NaCl 

^an*d from 1 to,l6 FP«-, ~ " could have occurred too near 

may have exhibited an. S--haped^cu ,. apparatus. At the lover 

the origin to be detected curves were- noted within the 

levels of NaCl..in. the D.el. PP* at the "S"-shaped curves has. not— - 

alloted experimental time. _Tl.e^ ane present. Out this 

teen observed each, and every . ^ HCKe! or BaClCe) was present in the oxidilina 

Phenomena was not tney teur only happen once. The 

atmosphere. Furthermore, the aramatically at the time of the. 

effect suggests ..the nature kinetics ere not associated here 

sudden break, in F"* '“Fve. Breakaw^ ox ^ oxidioing etmosphere. 

with HjO vapor unless. Bad, g) i- . with the work of . Lowell and. Deadoore 

ne. d: These results ”Ot 'ritmlug on a complex alloy With 

relating the rupturing of atmospl.ere. (Bef . nh 

tlepresence of water vapor in the oxlll.mg 

ii. M^tailoftrsp bic rasulbs 

. A rawi Ti' ^iCr aft^f oxidstion 

x-ray diffraction ekamlnation the presence of.BiCnC, 
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&rthe most, pftrt very poorly shaped., T.he total oxide layer appea>in roroue 
The -small hills are f'requently broker, with their bases covered .with small r.oi.l 
eeometric grains like those - seen .on .the surface. Fig. t'8a. These grains 
according.to the. £DA>: a^e Cr-e:triched. -Occasionally, however, a hill has- its 

bottom. are large geometrically shaped crystals-, 

66b. These okide graifts contain more ,.\i than occurs in the surface' gruir.s . : 

may be that the few -hills which, show, this feature were not. b.’^oke:: at tomi eratu 
On the otiier.hand those with many fine nongeometri-c particles at . their base** 
ruptured. during the oxidation experiment, ^uch features car. be easily seen ts 

■^^‘^boprobe e.xa.mi nation of the sa.mple oxid" -e- 
- ^ 150 ppm NaCl(g) for Oh hours indicated a substantia: 

tr-deplet..on 2one,\‘2Cu, Fig. 70. An average-Cr. composition in the middle of 
t.iis zone was 15.8 wt . percent. Cr, Kie protective- oxide which foi-med a'*a'-=>^-» 
to -the substrate -was:^ Cr-.enriched (56. 3 w/o) but still contained about. '^'’.l'-7o 
nickel.^ The oxide .adjacent to the Cr-rich oxide scale was enriched in. nickel 
v,o percent) and ..contained. 7.8 w/o percent.. Cr. The effect of., the ^ 

in the-oxlditi.ng atmosphere has been to substantially decrease the levels 17'^' 
Cr. near the metal -oxide S'dri^aoe and to effect a substantial Cr-cerletior. sene, 
in the. substrate compared to that found for the Cr allov a‘'*--’“ -v- 

air alone. ’ .. . 


The. .effocy of NaC.1. vapors in cJie oxidizing atmosphere on the scales formln 
on the hi-25Cr;is more apparent in samples oxi-diced at 1C‘\''^C. The surface c’’ 


, si'.oved a i.lghly 


the sa.mple oxidised at- IC^O'^C, in the absence- of haCl \-aIcr, 

convoluted CHrlch oxide layer lying -above the base metal alley Fig. _cJ. 
tiace a...o- j el were icund in tins outer oxide layer. .As the PaCl-((C^ l.erel 
increased,. t:u? oxide scale becomes progressively, more heterogeneous . At C."-) 
ppm KaClig) h'n the oxidizing atmosphere, numerous breaks are observed in an inne 
compact oxid^ layer. The/o.\ido foi-ming in these breaks, iias the sa.me aprjvximate 
chromium and/ nickel leyfls as the base metal allov. Fi»rs 71 ari !•' ♦•n. 

int.easinglW more -heterogeneous with crystals of pure Cr,0 as wel^ a^ eru-i^- 

A. the NacKgJ concentration is increased, even further to 1C6 prm the 

Cr ‘p?i 1 ?”■! Pa«icl6b contalni.!.- Vir-Vaally. bni.v 

■)«’ f* I'* these oxide particles, an apparently dense Cr C oxide 

layer is. found. Fig. 7o. - 3 

The combined effect of water Vapor and KaCl(g^ on the oxide st.-u-ure o*' 
the sample oxidized at 1050°C for d* hours results ir. a more uniform ar.i denis 

oxide scale than is found in the absence of the...water vanor even with h-iC 
present, Fig. TV. _ ‘ ' 


It should also be pointed out that deposits coliected in e.\perir;ents i: 
the Ki-C5Cr and elemental Cr indicate that Or hud been transported :h’o:/tiu>' 
oxi-dizing samples and Jmd collected on the cooler vails of the apparntu;- . 


unfortunately, the .ejcperimental apparatus used here is. not appiiopriate for. 
determining the nature of the.chromium-beafing vapor .species responsible- for 
these deposits. In the past, chromium-chlorine containing species such 
as. CrCl^, CrClj and Cro^ci^ have been frequently proposed as. the responsible • 
moieties (Ref. .21, 1 * 5 , 5l and 53)— Recently Stearns et al'. (Ref. 65). and Rryburg 
et aI., (Ref. 66) have reported .the results .of mass spectrometric studies., 
involving the Oxidation. of chromium and SuperellOys in oxygen atmospheres con- 
taining H^O and NaCl- vapors . They conducted exhaustive searches for the vsipor 
molecules Cr02Cl2.» CrCl^ , CrClj and Na 2 CrO^. Their, efforts in finding 
evidence for the presence, of these .species were. unrewarded. The chromium vapor- 
Species which .they did find were principally (NaCl.)x CrO , x » 1, 2 and 3 

and (NaOH) CrOg, -x = 1, 2. Minor amounts Of the s-pecies Na^CrjO, and CrO, (OH)^ 
were also identified. ^ ^ / z >1 

Experiments were also conducted in conjunction with Mr. C. A. Stearns ,. NASA- 
Lewis Research center ^ to determine the .effect of gas flow velocity on the rate 
Of Chromium removal from the oxidising .sample. Samples were oxidized in. flowing. 
Oxygen at two different flow velocities,. namely ,0.l8 cm/sec .and .1.7 cm/sec. The 
samples were oxidized at 1050.°Cin an atmosphere containing 25 ppm NaCl(g). 

In the.case of swnples oxidized. in oxygen at 0.17 cm/sec^the Cr collection rate- 
Was .35- Wg/hr. Subsequent examination of the surfaces indicated that the higher flow 
velocity had elicited smaller but more numerous breeiks.. in the oxide scale. 

Pig. 78. The lower flow rate on the other hand had caused fewer but comparatively 
larger. breaks in the oxide scale. Pig. 79 • Thus this brief experiment has. shown 
that, at least in an atmosphere of oxygen containing small amounts of NaCl vapor, 
both the.. rate of chromium removal from, the oxidizing surface and the oxide 
structure formed on. that surface is a_function of the flow velocity of the 
oxidizing gas. 

d. -Oxidation of_E3^ement^_Cr. in Air (dry) with NaCl(g)^ 

Because of their .technological importance as. corrosion xesistant materials, 
much effort over the years has been expended investigating the chromia formers, 

(Refs. 72-99)* Included.in this .wofk have been numerous studies involving alloys 
in the Ni-Cr system near, the Ni-25 wt % Ct composition. The results of' 
this work, indicate -that the scaling behavior, of the. Nl**25 Cr composition is quite 
complex.. Some of the observations, made in this study concerning the effect of 
NaCl (g) at. very low levels . on the scaling behavior- of ’Ni -25 Cr have been attributed 
by. others to the intrinsic scaling behavior of the alloy Itself . . Thus, in order 
to clarify this matter a few experiments were conducted with pure chromium to 
see if NaCi(g) exhibited .similar, effects . The use of elemental cr would avoid 
difficulties in the interpretation of' oxidation data res'oltittg from alloying effects. 
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i, results. 


1 + 6 -ffiT* the ^ur6 fihroiniura .samjiles' 6xidiz®d at 

The afLd 81 res^eetiyfely. Except for the 

9 OO and 1050 C ara shown m g • * ^ of thermoftravirnetriCi 

-.xpo^a at 1050»c to lU SP" ^•;5t«rat“e raatlts for tonplas . 
data aho» little difference e thermOgravimetriC.data 

oxidited in air-alone at 1050 «C), »a01(g) 

alone .(exeest for the behest lever of^^ The thermogravimetric data .. 

rr r iUie“:x: Sd ai-. - --p-fh itirireUrerii^o 

raJplirirfrthrSlSJ^^^ --Itive ecal.e_uaed to represent 

the data in fig. Si* 


ii. Metallog T-aphio reaults 

■ 1 • vH/>s 66/^ n+ 000 to air afld air containirtg 0.78 and- 

h.p “^rr tleThr ” 0? Paeug,.. 

r raSdT-r: -i:: 

to air alone. P*ig.. 82, and those exposed to NaCl vapors, ../rgs 

siailarly on the oasis Of the ther»ograv^etric data, 

is expected between sample Uosed to 111 Ppm »a01. 

81. A ppssihie exception to this, mi g ^ 64v.. aion6 Pig. 8$, is. strikingly 

The oxide scale formed on the sample «aC-l. Pig. 

different . from that developed or. at2.Z.- lU.k ppm in 

86. Increasing the NaCl(g) concen a ^ locfoo results in additional oxide 

atmospheres in which chromi^^^^^ 

and.88. respectively. * J scale which was continually forming, 

atmosphere go This Scale is just the type Of .scale that 

rupturing and reforming, etc., Pig. ^f pig. 81. . MorjSaaver, this 

would be predicted from the thermogravimetric -data, cf. tig. 

typo of aoac has ,bacn napdrtad fof Ts^ §“dvan. ooncdrhw 

t^parabunas (1POO»C.) in 

ifig the sample oxidized at 1200 C (Ref. 9 J. solution* tfee anodic oxide. 

eiectropolishing-in .a perchloric aoid-aeeti .x ^i^g. a chromium Specimen 

fll* Which fomad was .net 

subsequently etched to remove the ^ either breakaway oxida- 

step and then similarly oxidited at 1200°C did yield either 

tion kinetics or .a. ballooned microstructure- (Ref . 9B). 

s-nis ;;.rr" r s-;-.’. : ri'jrsT.:- 
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scale, irt. the Scale of on. ths undersuffsce of. scale, or on the. surface of the 
uhdef lying metal. In effect, if it were not known beforehand that these scales 
had been formed in atmospheres containing -varying amounts of gaseous NaCl, it 
would have heen difficult to explain, the var.iety of effects observed on the 
basis of oxidation in air alone. 

Thin chromia platelets have been reported to form at the gas^scale interface 
of Chromium oxidised in dry oxygen at 100°C for 120 hours (Ref. 76). However 
in the results ..reported here, cf.- Fig, t)8c, the chromia needles have grown at 
the substrate-scale interface, not at the scale-gas- interface. - 

With resp.ect-to the . ''ballooned" oxide microstructure for elemental ..Cr shown 
in Fig. 89, it is informative to examine the work of Caplan,. Harvey and Cohen 
(Ref. . 98 ), In their work dealing with the oxidation of elemental chromium, 
they report largely, parabolic Oxidation kinetics for an entire range of sxirface 
treatments. These treatments range from simply abraded surfaces to various 

electropolishing and etching treatments. The preferred electrolytic polishing 

solution isjaperchloric acid-acetic acid solution. although other solutions were 
investigated! In each ease, in which the final treatment involved electropolishing 
With either a perchloric acid-acetic acid solution or -perchloric acid alone and 
no subseviuent etching to remove -the anodic film, formed,, breakaway oxidation 
kinetics were invariably subseq.uently .observed.. Similar effects were reported 
fOr-Fe-2^ Cr (Ref. 98 ) and Fe-26 Cr-.0.5 Si. (Ref. 9T). Furthermore, these 
investigators examined the effect of water vapor on the oxidation of chromium 
and found that it was. not responsible rar the breakaway oxidation kinetics 
and the ballooned oxide ndcrostructure. Those results are in agreement with 
results of experimen-ts reported here. — 

GiggirtS and Pettit studied the nxidatiOn behavior of Ni-rCr alloys (including 
the Mi-20, or. composition) at 800-1200®C and electropolished samples in .a sulfuric 
aCid-latic acid-methyl alcohol. Solution but did. not repO.rt. Subsequent etching of 
their samples to remove, the anodic film. (Ref. 73.)* The significance of their 
results is that they did net., except for two. cases ( one„ involving Ni -15 Cr at 
900°C.and the second involving Mi -30 Cr .at 1200^^0, report atij- breakaway- oxidation 
effects. Also. Lowell. (Ref. 7*^) and Davis ,. Graham, and kverrtes (Ref.. 93), 
using mechanically abraded specimens,, did net. observe. breaks. in their thermo- • 
gravimetric data. Similarly, Michels, in a Study largely dealing with .the effects 
of dispersoids on the oxidation behavior of Ni**20 cr.,. did not report breaks, in 
the thermogravimetric data relating. to Ri-20 cr (Ref. 95). These results are 
in agreement with the results presented here in that the blank samples prepared 
by mechanical abrasion did not evoke breakaway kinetics without NaGl(gl present... 
with or without water vapor added to the oxidizing a.tmosphere... 

Wood. and HodgRiesa (Ref. 72) studied the Mi-Cr alloys and in their Work 
they used a.4Uartz-^LnJ balance Which would make it easy to miss the occurrence 
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of the early Scale breakage affect. However they did observe such an effect 
involvihg a Ni-2? Cr .Sample okidited.at 1000°C. In their study the Samples were 
prepared by a variety of techniques and they attributed many of the effects, in 
Oxidation to differences in Surface preparation. Interestingly enough the 
eleetrOlytie etch, used by Wood and Hodgkiess is the same one which yielded 
breaks in the TGA curves for Caplan, Harvey and Cohen .(Ref . 97') . Wood and 
HOdgHiess reported that not all electropolished specimens were, given a .subsequent . 
cathodic etch. Some of the Samples were thuSly examined .in the eiectrolyticaliy 
polished; condition. However no mention is made specifj’lng which treatment each 
sample received, wood and.HodgkieSs suggested thata’*Cr20j" subScale plays a keying 
role which retains a protective oxide scale adjacent to. the metal substrate. 
Failure then presumably occurs. by a mechanism of lifting and cracking accounting, 
for the .break in the therrnogravimetric data. However, by such a mechanism scale 
lifting and Cracking will occur randomly and more than a Single break might 
be expected ..to be observed. in .a thermogravimetric curve for. an. experiment 
continued for any reasonable length of time. 

on the basis of' the work presented .herein, an alternative explanation .may be. 
Suggested. .During the electropolishing procedure some residual chloride frx>m the 
etching solution is trapped within the anodic film whicli_is not completely removed 
during: the subsequent etching step. 

Thus the samples of chromium anodicaily polished but not etched produced 
microstructures similar to those exhibited by mechanically abraded samples 
oxidized in an. NaCl-bearing atmosphere. Chromixim. samples either anodicaily ; 
polished in chlorine"^containing solutions and subsequently etched to .remove the 
anodic oxide film or anodicaily polished in nonchloride-containing solutions do 
not contain intrinsic chloride Sources. For the Fe-Cr alloys. examined by Caplan 
and Cohen (Ref. 9<a)» the samples shown to have been electropolished in a 
pechloric acid-acetic. acid solution and not subsequently, etched exhibited .breaks 
in the oxidation curves. The presence of a singular break in. the 
data reported by Oiggins and Pettit (Ref. 73) for the oxidation, behavior of a 
Ni«>20 Cr alloys electropolished and not subsequently etehed may have involved 
the similar entrapment of halogen in the anodic oxide scale. 

The experimental observation that not every sample exposed to NaCl(g) 
produced a. break. in the thermogravimetric data suggests that the Ni-Cr alloys 
examined herein may be less susceptible to such effects as compared w ith p ure cr 
and Fe-er alloys (Ref. 96). 




il» • J><6tall0graphi e results 


The sample 6£ Ni^25_Cr.’ Oxidized St .10$0*^C in the presence of 10 ppm HCl 
exhibits microstructures ranging from & presumably dense .compact Cr,0 layer vith 
acicular precipitates to internally, oxidized regions, Pig.. $3 and 9I*, The 
extensive regions of internally oxidized material, Fig. 93,. ate perhaps .related 
to the large break in the thermogravimetric data, cf.,„Fig. 92. 

The effect of low levels of HCl(g) (1^8. ppm) on. the microstruct'ore of the outer 
oxide scale formed nn .Ni-25 Cr at 1050?C can be seen in Figs. 95 and 96. .Note 
that below. the .Cr203 layer, the grain boundaries of the substrate alloy have been 
preferentially attacked , Fig, 96 . The EDAX unit could detect no measurable 
differences, in Cr levels .in areas immediately adjacent to such grain boundaries 
as opposed .to those areas foiind in .the middle of such grains.. This effect may 
be analogous to that already reported for Ni-25 Cr exposed at l050°C_fco NaCl. 

The cross-sectional .microstructure of Ni-25 Cr o.xidiZ6d. at 1050°C 
in the presence .Of l260-ppm HCl. indicates the occasional presence of numerous voids 
clustered at the metal-oxide interface. Fig. 97. The. absence of such pores from 
the interior of samples suggests that these pores are not casting voids. 

Therefore these voids are possibly Kirkendail effects resulting from Cr depletion 
in the alloy by the HCl(g) in the oxidizing atmosphere. 

f . Ox^idati^n lrt_A^r_(^^)_w^th NaOH^J_ 
i . ]^£rmogravljH^t^i£ resul t£ 

The thermogravimetric behavior Of Ni-25 Cr oxidized in the presence of KaOK(g) 
Suggests that at the 1*. 36 and 58.9 PPm levels parabolic oxidation kinetics are. 
being Observed while .at the 0.16 ppm level other effects may be occuring* Fig. 


2. condensed Studies 

a . N^ sq, _ln Air ld£yr2 

i* Thermoferavimetric results 

The thermogravimetric data for .lia SC -coated Ni-25 cr. is presented In Fig. 
99. The initially rapid weight changes (both gain and loss) at 1050°C followed., 
by slow parabolic -behavior has been observed by others. Wright, Wilcox and 

reported such behavior for a variety of Ni-cr alloys which. had 
been coated with Na^so^ and subsequently oxidized in lOO torrxixygen at 1000 
and 1100 C. Bornstein and DeCresCente have reported the weight loss behavior 
in the ease of Nl-13 Cr and Ni-l? Cr noated With Na.SO. and oxidized, in oxygen 
at 1000 C (Bef. 15).. However, .GObel* Pettit, and Coward did. not observe this 
effect in the case of a N%2S04icoated NI-30 Cr sample oxidized.in oxygen at 
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1000 G (Ref. 1*2). 


MetallograPhia results 


The geiieral surface of.’the .sample coated with Na.SO and then oxidiiied . 
at 1050<5C is Shown in .fig. 100. Tlie bright regions slen^in Fig. .lOO are .large 
crystals of Cr^O^ as determined by transmission election microscopy. Between 
these areas of well-formed Cr.p. crysiials ana the nickel-rich .chromium-containing 
surface Oxide layer are slightly g*"eyer regions, Fig. 101. These regions contained 
ciystals which., when the sample was examined under .a laboratory microscope, 
appeared to. decompose from the heat of the. microscope lamp. A magnified „view of 
this debris lying above the compact Ki-richchromitun. oxide layer is seen in Fig. 
102. The EDAX. indicates, these particles contain Si. Examination of this material 
by transmission electron microscopy indicates it is composed of very -small 
ciystals of $-SiQ^. . The source of this- silica could be either the quartz tube 
containing the experimental gases or the metal sample itseif.which was cast in 
a crucible which had a silica binder. Such Si-containing deposits have not 
been seen before in either the Ni-23 Cr or the- NiAi samples examined here. 


Similar Cr^O crystals are also detected but in much smaller S’.\mbers 
in a Na^SO^-coated sample exposed- to air at 900°C, Fig. io3. The matrix alloy, 
in .this micrograph is intentionally, out of focus in order to accentuate the. surface 
c^stals. No such crys.tals were observed in samples of Ni-25 Cr subjected... to 
simple oxidation. These crystals . suggest, that effects occurring at 1050°C ' 
also take place at 900 C but at a slower rate. This is consistant with. the. 
thermogravimetric data, cf.Fig. 99- Similar results were also observed at 900°C 
for Na^SOj^-cOated. samples oxidized in atmospheres containing NaCl vapors. 

The substrate below the oxide surface has developed internal sulfides. Although 
no raicroprobe or EDAX data has been obtained from these regions,. on the basis 
of other work Jt is anticipated that these regions are likely composed of a 
chromium sulfide. Fig. 104. 

To determine if the growth of such crystals was an intrinsic -property 
of chromium or if. the. nickel in the Ni^Cr alloy was. necessary for such. crystal 
growth, ^experiments were also conducted with Na^Bri -coated Cr subsequently oxidized 
at 1050 C. The resulting surface topography is ‘‘replete with Cr.o platelets * 

Fig* 105. In the case of the. samples of Ni«25 Cr where similar crystals formed, 
fewer but much larger cr^o platelets developed, in the case of .the. experiments 
dealing with deposits on elemental chromium or. Ni-25 Cr, neither .sodium 

rtor sulfur Was detected via E&AX procedures on .the surface of the oxide scale. 
However* cr sulfides were visible in the substrate * 

Wright et al,„CRef. 99) have proposed that such Cr 0. platelets arise from 
the reversibility of the reaction! ^ ^ 

Cr203(c) + 3/2 02(e) 20 (d) * 2CrO^ (c)*.-- (26) 
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!The solution process is suggested to occur whene. the oxide ion level is .high, 
i.e., the oxide>-.m61ten salt interface. The precipitation reaction then reportedly 
tedtes place when the oxide ion level is reduced, i.e., near. the. molten Salt- 
amhient atmosphere interface (^ef. 99 )« 

h... Na^Sp^ NaCl_[jg2 

i- Thermogravimetric results 

The data for Ni-25 Gr coated .with Na SO and Subsequently exposed to NaCl 
Vapors in the range of. 0.27. to kj ppm at 9oO and 1050*^C are presented in Figs.. 

106 and 107, respectively. These results .are analogous to the behavior observed 
for Na2S0^ -coated Ni-25 Cr.in .the. absence of NaGl(g). Accordingly based. On the 
thermogravimetrifi data alone, the effect of NaCl .vapor here . is not known.. 

However, the tendency to lose weight appears related to the level of NaGlfg) 
in the atmosphere. 

gA striking characteristic of the data for .Na^SO^ -coated samples oxidized at 
1050 C.in the presence of NaGl vapors is the initially large weight. loss behavior 
lasting for several hours followed by very low oxidation (corrosion) kinetics. 

[The noted excepticns are the samples exposed . to 12U. and 136. ppm NaCl vapors.] 

The Initial weight losses here correspond approximately to the amount of Na,S0. 
deposited on the samples, ^ 

ii • Metallographic results 

Examination of the sample exposed at 1050°C to 12h ppm NaCl shows surface 
topography almost analogous to that seen for. the- similarly exposed sample in the_ 
absence of NaCl. Again, very slight traces of Si and even finer traces of Ca 

were detected hut could not be definitely assigned to any particular surface 
feature. - Neither sodium nor chlorine were detected, in any of the surface 
structures examined. 

In the case- of Ni-25 Cr samples coated with Na^so^ and oxidised at ia50°C’ 
with and without .NaCl vapors present. in the atmospheres, the expected dense 
Cr^Oj oxide layer .has been modified by the Na^SO^.. The form of the Cr.O, crystals 
observed here suggests that they, grew by processes- similar to those occurring 
in the case of Na 2 S 0 ^-c 0 ated Ni-25. cr-oxidizing in. air with no intentional— 
additions of NaCl (gjlpresent, cf . Fig. 100 and. 101. 

Thus, the molten salt possibly responsible for this crystalline growth has. 
totally vaporized (since neither Na nor.s were found by EDAX. procedures). This 
Suggestion, is not unreasonable in view of. the large weight losses associated 
with the. thermogravimetric data* cf. Fig. 99 and 107.. The compact oxide layer 
at. the surface of Na2S0||, -Coated samples oxidized at 1050°C_aC Cording to the 
Ei)AX is not likely Cr 203 but the Ni-Cr Spinel. 
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Ni’2$ cr ana oxidation. behavior .•6f 

conductea with- both Na* so and NaOi ®^®*“®hbal oHromlun ware 

t»d effeot of 263 PpmlriaS ,! S* f°“ “ atmosphere. fiZoToe 

»«,SO,-eOated -or. oxidation oV:"‘ 

® for the times examined here the ‘^^•^^®^havimeti*ic data a'*'‘*-e 

chrcaixiffl, Of. Fig. 8l. ^ the .NaCl(g), attacr or“ 

to ®»»pi® Showed a densrS^ai «l=rcstruotu.-e 

to the Cr metal .substrate, PI,, ino ®"'-omla la.ver, adjacer- 

found. .Bo Ba, s or Cl we« d«ee«i af Ploteleti are 
sample. Howevem, ohromlum sulfides were s^ "’® surface of the oxidised 
-n the substrate below the metai-oxlae interfMe!"^ ^tested netailoeraphicaii;.- 

towatiLBaCKB) attack* or’^rcSomS*f^*‘“’ o.f BajSO^ deposits 

-derstood. However. tZ oLTr^TonlZZ -t 

atmospheres contA*pr cemments.that 
the ohromia forming alloys ar;1re?e,reJ! species 

-^2§Pj»^i£i Air Jd^v2 wU^ 

^^^Qgna vinietrie r»^t.i*c 

The thermogravifletric data for-Jfi-p<? 
exposed to HCl atmospheres at 900 and loL°r i 

respectively. The oxidation behavror o? the r'" Jo'""”'"*' '*”* lio Jnd ill. 

1^8 ppm HCl at both 900 and 1050°C in the samples exposed to 

commensurate with initially verv traL^t ^ atmosphere is. as seen before 
apparently almost simple oxidation Hn Jici f°Hhwed by 

in the gas Phase ia ihsumcient to ‘caus^ PP^ HCl 

exposed to lo.ppm HCl at. 900°C exhibit#*,! ■ behavior. The sample 

(Na^SO + S6me chromium bearing moietv^ ^ yellowish deposits 

While the samples exposed tTlsS ppm la -^ter cot.osio^ 

deposits. . HCl atmospheres e.xl^iblted no sucH-vLitie 

Metallo^r aphic resiiit-.. 

The sample exposed at 900®^'+^ . 4 +« ■, 

both cr^o,. piutbictu. srcwine . from thrSaf*'” f f “f "‘“f fta Hci chewed 

112. The crystals dev^lopin^r in.ter.nal s:ul fide parti cle-^^ 

entire surface nor are they an unir ' neither totally Oover the^ * 

exposure -at l050°c in air ionUitiitiTlo i’^ature. After 20 hours 

crystals is accentuated, Ki^ xi 2 ®^ternal growth .of cr 0 

tbb mHui Whcrn.. inrHc’^^Jin olW a =5- 

•mrcntlx ax dense «.d compact tc’whar; 

crystals are absent* Klg. nb.. 
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d . . Carboiijln Air (dfj'J, 

i. Th^rnlCfiravlnietrlo results 

The thermograviinetric data for the oxidation or. carbon-coated lii-9^ Cr . 
at 10$0°C-in. air is Shown in Fig. 115. This curve is very Similar ti that shcvn 
by Ni-25 Cr in simple oxidation. at this temperature, cf. Fig. 60. 

e . Ca£b£n_in_. AiP Idr^'Krfth NaClj[g2. 
i. Thermoferavimetrie results 

The thermogravimetric results for .carbon-rcOated Ni-25'Cr presented In . 

Fig. 116 are. similar to those found for simple Oxidation in the presence of 
Had or MCI., e.g. Fig. 6k and 6$. 

f . C_a£bon_ih Ai£ idr^'J. H.^i.h_MCljjgJ, 

i. Thermogravimetric results 

A carbon coating on the Ni-2$. Cr -sample resulted in almost continuous . 
isothermal scale cracking and. slight spallation at 900 C in air with HCl(g), 

Fig. 117. 

g. £a*ic£n_in Air, i.dr,v_)_ lLiih_KapJ^(£,)_ 
i . Thermogravimetric results 

The 1C50°C oxidation behavior of carbon-coated. Ki-25 Cr. i'h atmospheres 
containing NaOH(g) indicates isothermal .scale breakage and» perhaps, slight 
Spallation effects. Fig. 118. These results. are similar to those observed 
for carbon-coated .Hi -25 .Cr oxidiaed in atmospheres containing HCl(g), cf.. 

Fig. 117. The data - reported here do not indicate large. differences in weight 
change behavior with variations in NaOH(g) concentrations in the range examined. 

h. Carbon_wUh Ha„SQ,^ in Ai r (dry) 

i. - Ther mopraVi me.tr ic results 

The 1050°c oxidation behavior, of Hi-25 Cr coated With both Ha^CO^ and 
graphite- is shown in .Fig.. 119 and .is similar to that observed .for the Ki-.'5 Cr 
alloy coated with- Na 2 GO^ alone,, cf. Fig..99v The amount of time required to 
remove the Ha^SO^ deposit (1.72 mg/cifi^) here, has increased by approxitiKitely a 
factor of 3 (i.e., ll* hours) compared with the U hours .needed tliere to 
remove Oi56 mc/cm.^,..Figi 99. The carbon is not markedly affecting the Vehuv:er 
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of tho Ha^SO^ deposit with. respect to its interaetion with the substrates, 
i . Cartoonjw^th Na^Spj^^in Air l£,^th_NaC^(^) 

i . ‘fhermogravimetric results 

The Ni-25 Cr samples coated with, carbon in. addition to Na SO and oxidized . 
in air with NaCl(g-) exhibit thermogravlinetric data similar -to .that for .the 
Oxidized samples coated only with Na^SOj^, Pig. 120, cf. Pig. 107. 


i. IhermoftravimetriC data 

The thermogravinietric data for samples .coated with both Na^SO^^ and carbon.. 
and oxidized at 900 and 1050°C is .presented in Pig. 121. These results indicate 
very erratic behavior quite unlike that followed ty samples simplj'- coated with 
Na.so deposits-.and .oxidised in HCl(g) atmospheres, cf. Fig. 111. Furthermore, . 
the rate of loss, of .the Na^SOj^ deposits .is slower, here than was. the case when . 
carboa was absent from the deposit. The reason for this behavior is not 
presently understood. 

k. Carbon_with Na-Sp^igl £h_A^r_(dry_)_with M0H_(_gJ_ 


i. . Thermogravimetric results 

The thermogravimetric data for. Ni“25 Cr coated both with lia^SO^ and carbon 
are presented in Fig. 122. These results are in qualitative .agrjeement with . 
what has been observed for.Ni'-25 Cr coated with Na^sOtj and oxidized in . 
air alone, cf. Fig. 99. At 900°c slight but erratic .weight. gains are 
Observed. At 1050°C, on the other hand, uniformly rapid weighj» JLOsS is 
observed. 


C\. B-1900: A guperulloy. 

Tli6 major thrust of this work has .dealt with the elementary though, 
technologically important alumina and ehromia formers . However, a few ex- 
periments wera performed to briefly determine-if NaCl(g) at a low.-activity 
exhibits any effect on the oxidation behavior of the superalloy B-1900. The 
composition of S-1900 is 8.0 Or, .10.0 Co, 1.0 Ti, 6.0 Al, 6.0 Mo, O.ll C, 

IJ.O Ta, 0.015 B With the balance nicked (Hef* 100).. 

The bxidized surface of .B-1900 eXp.osed to air at 1050®C for 6U hours is 
seen in Fig. 123. This surface oXide layer is i rreguia r -with ma ny elements from 
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the substrate -present there. This result is in agreement with .the work at 
Pryburg, et al. (fief. 60) in which B-1900 tit .1000°C in oxidation was -described 
as ah aluiflinai-former with a little CraOj and NiO dissolved in the protective 
albmina layer. _ 

A B-1$00 sample similarly oxidized at l050°C.in air with 195 Ppm NaCl, 

Fig. 1^4, produced a heterogeneous. Surface as compared with the Sample 
oxidized in air alone, Pig. 123. in addition, aluminum-rich blades as 
determined by £DAX are also present, Fig. 124 and 125. These aluminum-rich 
blades were not seen in .the sample Oxidized in...air alone. .Moreover, metallo-. 
gitaphic cross-sections .of this sample-.showed a typi.cal substrate microstructure 
that could be associated with the hot corrosion of this alloy. Fig. 126. It 
is emphasized that no NaaSOu waS present nor applied. Based on the previous 
work and the observation of alumina whiskers on. the surface .of the B-1900 
sample. oxidized in air with NaCl(g) present, it is expected that the substrate . 
should exhibit. areas -highly depleted in y' (Ni^Al). Such areas, are found. in the 
regions in the substrate immediately below substrate regions affected by the 
anomolous oxidation process. Fig. 12?. It is apparent, that Al depletion is 
occurring faster than y' coarsening occurs because. areas .of the substrate 
adjacent to normal oxide scales showed: 1) much thinner- scales and no 

significant y* depletion zones; and 2) slight y V coarsening, in the substrate- 
at the base of such oxide scales, Fig. 128. 


Therefore, this study has demonstrated that..Naei('g) at low activities affects 
the oxidation behavior of B-1900... The type of . interaction here ds similar, to 
that seen in the case of NiAl. However, since B-1900 hat much less aluminum 
than. NiAl, t.e., 6.0. wt^ compared with 31. 06 wtjS, respectively, the IcSs of 
aluminum .in the case of the former will more rapidly lead to internal oxidation 
and alloy depletion effects as shown here. Furthermore, this can lead to a 
non-uhifOrm attack of the substrate. Also, as was discussed in the case of 
NiAl, the NaCl normally present in Na.SO at impurity levels .(low ppm .values) is 
sufficient to effect allOy depletion of aluminum and alumina scale breakdown. . 
Therefore work is needed t© characterize the minimum concentration, necessary . 
for . various gaseOuS cOrrOdents. to effect protective scale breakdown in both 
oxidizing- and. Na^so^^ -induced .corrosion conditions . 

If the NaCl here is. aism . interacting with the chromium present in .the B-1900 
substrates. Such an interaction was not obviously apparent. However, such 
interaction, based on the results presented herein for Ni-25 Cr and elemental 
chromium, would be expected. 

Furthermore, it is unreasonable to assume that B-1900 is unique among the 
superailoys regarding its interaction with NaCl (g). However, the extent of.thia 
interaction for other alloys may be different both qualitatively and quantitatively 
depending on both the alloy Chemistry and the exact distribution of the chemical 
elements among the various phases present for each alloy. 
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V. SUM?!ARY AND CONCLUSlOPIS 


, are bo2v!“' "^Presriate section, 

loi". T,'^fTT KaCl. HCl and KaOH, have been show to interact 

■foriers '5 w'e r JT Pw) »itb the alnmlna for«er NiAl, the chrooia 
rorni^rw Ni-a.5 wt.,.> cr arid elemental dhrdiniuni and. the superalloy B-190O.. 

■ in at lov eoftcentrations of the gaseous cofrodent 

both Oxidation and sddium. sulfate-induced hot.. corrosion. 

^rvn<nv^’ o*i<^atione mixtures, of air and. the, gaseous corrodents .form ot-Al^o, 
m scale. .The .formation of these vhiskers locally^ 

b-irtd > / ^^strate of aluminum and progressively, weakens the .mechanical ' 

rupture substrate leading, to isothermal scale 

nf M / alumina scale rupturing varies inversely with .the level 

Of JiaCl(s) in .the .oxidising atmosphere for the concentrations examined here 1 e 
approximately 0„ 1 to 150 ppm (by weight ) . ' ’ 

With. respect to oxidation of the- superalloy B-190O- in the presence of 
of thf Ir c;-ystals grew on the surface of .the dense oxide scale.. The source 

gamma prime Which underwent irregular and local depletion 
along the. sUbstrate-oxide interface. The microstructure-of. the allovis therefore 
similar in many respect to that observed for Na^SOjj-induced corrosion. 

■tJic .chromia former Ni-2S wt.;? Cr, .chlorides produce 
Characteristic of breakaway oxidation.. Moreover, the 
oxide scale formed on the surface of the Ni- 25 .Gr alloy, is Cr.0„ and. Nier>,0, 

23 2 k* 

U J- atmospheres containing gaseous chlorides, chromium 

identified in residues deposited downstream from the chromium aiid 

The vapor, species responsible for this transporf-fiave 
recently been reported by Stearns et al. . (Ref. 65> and Fryburg. et. ai (Ref. _66) 
to be principally (NaCD^^ 01 * 03 , ^ 3 , and (NaOH) CrO-, ,X. s l, i*. As a . 

thI'Nl % depletion, an sxtandM Cr dapution aona in .Vrmad In 

“'P fats.of chnomlum nbtoval fncIH tha bxidibinf, - 
^ and th^ type of surface oxide structure foiih^d on N1--25 Vt Cf i*'- 

dapbnddnt on tha vaiocit,v of tbojiacKcijcmtaininfi atnosphara fioCinr aowno tha 

surface. 

.. ,?* Of the oxide scale- forjiied on elemental chromium is dc- 

the co^entratioh. of NaCl(g)- ifi the- environment. Tlie highly eohvo- 
luted .scale formed after eiectropolishing of chromiuiii is reproduced wljen Uw 
metal is exposed to atmospherea-^iantaiuih NaCK. 
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5 lov tvtfi. valuers) in laboratory r.rtUo 

^ - -- . , M 1-^ rc'^V-'onciblO .I'or t-lVe fornatiou- 

10.. m'- sodium ehloridO.J'rosent in ‘ fcnnation of those VlnsKerr 

of A1,0, vhisHor^ that form on the ^ f°3 ir ter fare, therohy d0vlb<in»t 

' '■ 

* -4 tne u«e of aluminum compounds a.- 

11. .The I'esults-presented... here add Ovinf. suitable reducing 

sulrtaatlon irtlilHtor^. ivm.-J vi^!, t-u- 

condit ions . under vlu ch. mi A1 i^a*. i 

aluBlnuB suppli^J >>S- *'■•’ 

With IJa^SCh onto NiAl .resulted in ..-. 

12 . -The presenc.e of ly no effect "at .lOSO^^C . . Kith^ ^ 

lower rates of , ‘ the- thermottr.aVimetric data Su;t{testcd iso- 

rcspect to the alloy M--? ^ not known. 

theUi scale breakatte occurriu.<,-th. .-uu. 

. . VI vd.'t Cr in the absence of the 

13.. iiith. respect to the hot chro^. in-th^ Presence 

ot Nao^oij, . ^ atumimrt, trmisport in both okidation 

lU. . Tlie precise medimiism invo na-/been described itv ^ualit ative 

atui iJa.StViu'.^bced ^ her the precise -oompo^dt ion ot the 

terms.- Virtually nothin, t i^-. k..--Viw^ mechanistic. pathvais^ 

-!rp.4‘;e 

;«™tP.ni=o .n;3:-;; “oTo"*-': 

species rcsultiiu: nom, via 

(Refs._6‘i.u«d i'bV 
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Fig. 21^ 1050‘"C oxidation of NiAl with HCl gas. 


















Fig; 3© 1050*C oxidation data for NiAl in air with NaOH vapors. 
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77 Ni-25 Cr oxidized in air (wet) 
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Fig. 80 Cr oxidized in air (dry) with NaCl vapors at 900°C. 
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Fig. 85 Cl* oxidized in? air at 1050 C for 2k houra. 
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OXi'de- scale adjacent to the atmosphere 
showing fine .Cr 20 ^ crystals on the 
undulating Cr„ 0_ acale(^l 
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c. Oxide scale adjacent to the substrate ■ 

showing fine Cr^O^ needles growing from ■ — 

the compact oxide surface 

Figi 88 Cr oxidized in air with it.l* ppm NaCl(g) at 1050®C for 2k hours 
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Pig. 109 Na^S0ij-6o&t6d (It. 15 ifig/cift^) elgiiiental chromium oxidized for 
22^hourS at 1050®C in. air with 283 pprt UaCl(g). 

A. . Elemantal chromium substrate 

B. Dense Cr^O- scale. 

C. crystal .platelets 
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Fig. 110 Oxidation data for IfegSO^r'coated Ki-25 Cr exposed to atmospheres 
! containing HCl gas at 900°C.- 
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1^.. llC Carton- co.ated Ni-25 Cr cxidize-i in air vft.h r*«aCl(f^). 









Il8 Carfcon-c<>atei Cr oxidized at lO^O^C in air with IJaOJf(^) 








Na 2SO4 CARBON (mg^cm?) 












ORIGINAL PAGE Ib 
OP POOR QUALITY 












i' 










r*W*^ 

l^c-. 

^ m Q| 


L^S'- 




■ 




l-f^K : 




V -<^■. 








Fig. 123 B>-1900 oxidtasd in aif* at 1050®C f'or 61*-hour^ showing a 

highly inn^gulan sufi'ace o:tidd 

A. Al.onrichod oxidd 

Ta-,Ci*-and Ni-nich oxidd flak6 resting 
oh th# sunfacfe 

C, Ta-rich oxid6 panticlo 

D. oxide ei'Uptiohs enriched ift Hi and Civ 
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Fig. 127 Ah enlargement of the substrate immediately adjacent 
to the anomalous .oxide found. in. Fig. I26b showing the 

Y' depletion area (A,. (Hormarski -Interference Contrast 
Illumination) . 
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FiS..l.a_B-1900 oxidized at 1050°C la air- with 195 rm shewing 

oxide scales (A),, y ‘-depleted zone (B), and y ’ coarsening .effects (c) 
related to normal oxidation (Nonharski Interference Contrast 
Illumnatlon). 




